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Abstract 
 
Yellow canopy syndrome (YCS) is a condition affecting sugarcane (Saccharum spp. 
hybrids) in Australia. The YCS phenotype is yellowing of the mid-canopy leaves. This 
study focused on understanding the metabolic changes that occur in the sugarcane leaf 
during the early and late stages of YCS symptom development. For this purpose, detailed 
transcriptome, proteome and metabolome analyses of YCS-affected leaves were 
undertaken.  
 
Photosynthesis and transpiration were suppressed by up to 30% on a canopy-wide level, 
most likely reflecting the effect of YCS on sugarcane yields.  Sucrose, glucose and 
fructose levels were significantly increased in symptomatic and asymptomatic leaves. At 
the same time, carbon partitioning within the leaf was altered with increased allocation to 
starch, pentans and phenylpropanoids.  
 
It is well known that increased sucrose levels in leaf lamina can lead to a suppression of 
photosynthesis and leaf yellowing in the Poaceae. Integrated analyses of omics data 
showed YCS led to significant negative regulation of chloroplast functions, while 
carbohydrate, amino acid and nitrogen metabolism were stimulated. A strong impact upon 
the leaf midrib was present, which represented the area of greatest sucrose accumulation.  
In order to understand how sugar accumulated in the leaf, sugar transport was examined 
on the gene expression level. The data suggested that reduced phloem transport of 
sucrose from leaf to sink tissues was the most likely cause.  
 
In addition, the effects of sugar feedback regulation upon leaf photosynthetic proteins were 
studied. Photosynthetic electron transport and mesophyll carbon fixation-related proteins 
were transcriptionally downregulated through both nuclear- and chloroplast-gene 
expression changes. Whilst bundle sheath Calvin cycle activity was likely regulated by 
substrate availability and/or protein activity.  This contradicts the widely accepted model 
that the main feedback mechanism of elevated sucrose is through downregulation of 
Rubisco gene expression and protein levels. This study clearly showed that the sugar 
accumulation in the leaf is the main reason for the development of YCS symptoms.  In 
addition, the work identified the fundamental metabolic changes that accompany YCS 
symptom development, and will aid in further analyses to understand the apparent 
ii 
 
genotypic differences in YCS severity. In the longer term, these findings could assist in 
breeding for YCS tolerance. 
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Introduction and literature review of leaf yellowing in plants 
 
1.1 Introduction 
Sugarcane (Saccharum spp.) is an important crop worldwide. It is grown chiefly for sugar 
and increasingly for biomass production. Sugarcane is unique for its capability for rapid 
growth (C4 grass) and ability to store large amounts of sucrose in its stem.  
 
In 2011, the Australian sugarcane industry experienced the onset of a previously 
unrecognised condition named yellow canopy syndrome (YCS). This is associated with 
golden yellowing of the mid-canopy leaves of a crop (Fig.1.1.1A). On the individual leaf, 
symptoms first appear in the middle section of the leaf length, frequently beginning on one 
side of the midrib (Fig.1.1.1B & C). The yellowing eventually spreads outwards until the 
leaf lamina is completely yellow in colouration. This yellowing is non-reversible and results 
in early leaf senescence. YCS was first characterised near Cairns (Far North region, 
Queensland) and always in the warmest months of the year; December to April. 
Symptoms have since been recognised as far south as Maryborough (Wide Bay Burnett 
region, Queensland) to encompass the main Australian sugarcane growing regions. 
Losses due to YCS are predicted to exceed 30% in severely affected crops. 
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Figure 1.1.1 Lamina symptoms of yellow canopy syndrome of sugarcane. Crop view (A), 
close-up lamina view (B), and whole-leaf view (C). 
 
Studies into the cause of YCS symptoms have not yielded consistent results. Traditional 
methods of studying abiotic and biotic triggers (including pathogen testing and nutritional 
deficiency) have not identified the cause, nor developed a comprehensive understanding 
of the condition. Without an understanding of how or why symptoms develop, there is 
difficulty in managing the onset of YCS. 
 
This study aims to build knowledge around the onset of YCS, in order to aid in pinpointing 
a cause, and develop management strategies. The presented literature review aims to 
collate and synthesise knowledge of how leaf yellowing can occur in plants, and whether 
common biochemical themes are present. This is with relevance to grasses and where 
possible, sugarcane. Knowledge of sugarcane stress metabolism is generally limited. 
Peer-reviewed literature of yellow canopy syndrome (YCS) of sugarcane is limited to two 
publications (Marquardt et al., 2016; Marquardt et al., 2017). 
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1.2 Literature review 
Leaf yellowing in plants 
Yellowing of leaf laminae occurs through the loss of chlorophyll pigments. Generally, 
reduction in chlorophyll content is termed chlorosis, where loss of all pigmentation results 
in a white colouration of tissue, while loss of chlorophyll with a retention of carotenoids 
(carotenes and xanthophylls) leads to a golden yellow colouration. YCS-symptomatic 
leaves are found to retain carotenoids while chlorophyll content is decreased (Sugar 
Research Australia, unpubl. data). This review focusses on the yellow colouration, which is 
a striking symptom of YCS onset in sugarcane. 
 
Reduction of chlorophyll content represents a state of photosynthetic decline. Chlorophylls 
function to absorb light energy for electron movement through the photosynthetic electron 
transport (PET) chain. Broadly speaking, the PET chain is the central entity requiring 
control during plant development and stress responses (Foyer et al., 2012; and references 
therein). Upon exposure to light, energy absorption by individual chlorophyll molecules 
present is not controllable. This energy is passed into and along the PET chain of the 
thylakoid membrane, where chlorophyll is associated with each the light harvesting 
complexes, PSII, cytochrome b6f complex and PSI components. Plants have complex 
energy acceptor networks to buffer changes in light intensity. Light absorption beyond 
what can be passed on to available oxidised coenzymes results in rapid reactive oxygen 
species (ROS) production, which, depending on amount and rapidity, can damage nearby 
membranes and proteins of the chloroplast thylakoid, as well as nucleic acids. Redox state 
is therefore an important signal for regulation of this process. Redox signalling can lead to 
a decrease in chlorophyll in order to avoid light energy absorption which cannot be 
effectively passed on. There are multiple reasons why this may be the case, which will be 
discussed in this review.  
 
Chlorophyll levels are the net result of synthesis and breakdown. A chlorophyll molecule 
has a half-life varying between a few hours and several days (Stobart and Hendry, 1984; 
Hendry and Stobart, 1986). In higher plants, chlorophyll turnover involves the D1 protein in 
PSII (Melis, 1999) and chlorophyll a (Feierabend and Dehne, 1996; Beisel et al., 2010).  
 
The D1 protein of PSII binds directly to chlorophyll. During the D1 protein repair cycle, the 
degradation of damaged D1 protein also releases the bound chlorophylls (Matile et al., 
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1999). Photoinhibition of PSII, leading to greater fluorescence and non-photochemical 
quenching, takes place when D1 damage exceeds repair. 
 
Carotenoids have a rich yellow colouration and play vital roles in energy absorption and 
dissipation. Chlorophylls and carotenoids interact to channel light energy for PET, which 
involves bidirectional movement of excitation energy and non-photochemical quenching 
(for review see Holleboom and Walla, 2014). Carotenoids are precursors for the synthesis 
of phytohormones including abscisic acid (ABA) and strigolactones during abiotic stress 
(for review see Peleg and Blumwald, 2011). 
 
General pigment destruction through photo-oxidation frequently occurs during stress. 
Synthesis of antioxidants can be induced to protect the photosynthetic apparatus, 
including carotenoids, ascorbate and tocopherols, as well as secondary metabolites such 
as flavonoids (phenylpropanoid pathway), and pentose phosphate and shikimate pathway 
metabolites. Additionally, activity of antioxidant enzymes aid in this protective function, 
such as peroxidases, superoxide dismutase, and catalases. For reviews of ROS and 
antioxidant function see Ahmad et al. (2008); Lushchak and Semchuk (2012); Miret and 
Munne-Bosch (2015). 
 
Overall, leaf yellowing fundamentally occurs through a reduction in chlorophyll content with 
a general retention or even rise in alternative pigments (carotenoids, anthocyanins). This 
golden yellowing colouration of leaf lamina may occur due to abiotic and/or biotic stress. 
Additionally, as the result of the natural leaf senescence process. Indeed stress often 
leads to the early onset of leaf senescence. Chlorophyll is reduced during senescence, 
while the carotenoid concentration is more stable (Biswal, 1995; and reference therein).  
 
The triggers of leaf yellowing in the categories of abiotic stress (section 1.2.1), biotic stress 
(section 1.2.2) and senescence (section 1.2.3) are discussed. Further discussed is the role 
played by sugars in signalling this process (section 1.2.4), due to its relevance to YCS 
onset in leaves. 
 
1.2.1 Abiotic stressors leading to yellowing 
YCS onset has not been linked specifically to an abiotic stress. It is possible abiotic 
stresses such as water deficiency, heat and/or nutrient deficiencies, contribute to YCS 
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symptom development, particularly when YCS symptom development occurs during the 
warmer months of the year. 
 
1.2.1.1 Water deficiency and heat stress 
Water-deficiency and heat stress show many physiological similarities, largely due to 
stomatal closure, which is common to both. For a comprehensive review of commonalities 
and differences between water and heat stress in plants in general, see Fahad et al. 
(2017). 
 
Water-stress results in a decrease in stomatal conductance, rate of transpiration, internal 
CO2 concentration (Ci), photosynthetic carbon fixation rate and reduced maximum 
quantum efficiency of PSII (Du et al., 1996; Inman-Bamber and Smith, 2005; Medeiros et 
al., 2013). In C4 species, the reduction in photosynthetic rate is linked to decreased 
activity of phosphoenolpyruvate carboxylase (PEPC) and Ribulose 1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) proteins (Du et al., 1996; Inman-Bamber and Smith, 
2005; Lakshmanan and Robinson, 2013). However, biochemical limitations to 
photosynthesis through other metabolic effects (including decreases in total soluble 
protein, chlorophyll content) also take place, mainly during severe water-deficiency stress 
(Ghannoum et al., 2003; Lawlor and Tezara, 2009). In sugarcane, a reduction in 
photosynthetic rate due to severe water-deficiency is not solely attributed to low CO2 
availability, but also decreased ATP production leading to low Ribulose 1,5-bisphosphate 
(RuBP) regeneration (Ribeiro et al., 2013). A comprehensive review of the influence of 
water-stress on sugarcane is presented by Ferreira et al. (2017). 
 
Salinity, such as high concentrations of Na+ and Cl- ions in the soil, also leads to similar 
effects as water-deficiency in leaves. Subsequently stomatal closure - therefore 
transpiration and photosynthesis - are negatively affected, with changes in leaf 
pigmentation similar to that of water-deficiency conditions. 
 
Further, heat stress in sugarcane leads to reduced water content in leaves despite 
sufficient water availability in soils (Wahid and Close, 2007). Damage to PSII components 
occurs in barley and wheat (Sharkova, 2001; Toth et al., 2005). In rice, high temperatures 
during the day and night reduce photosynthesis through chlorophyll pigment destruction, 
reduced leaf nitrogen content, PSII reaction centre blockage (and electron flow), 
decreased Fv/Fm and suppression of PSII photochemistry (Fahad et al., 2016).  
6 
 
 
Photosynthetic pigments are affected during water-stress. Chlorophyll a and b are reduced 
to a similar extent while carotenoids are largely unaffected in sugarcane during drought 
(Camejo et al., 2005; Medeiros et al., 2013). 
 
In sugarcane, Medeiros et al. (2013) show drought does not cause reductions in the 
fluorescence variables, while it is also reported that chlorophyll a fluorescence is reduced 
under severe water limitation (Graça et al., 2010). These data suggest that damage to PSII 
is a relatively late-stage effect of water deficiency in sugarcane. 
 
Water deficiency is also associated with the accumulation of soluble carbohydrates and 
amino acids, particularly proline (Chaves et al., 2009; and references therein). Heat stress 
further affects carbohydrate partitioning through a reduction in the activities of sucrose 
phosphate synthase and invertase (Vu et al., 2001). The Rubisco activation state is 
reduced during heat stress in both C3 and C4 species (Salvucci and Crafts-Brandner, 
2004). Relatedly, sugar accumulation in leaves is also known to downregulate 
photosynthetic rate through feedback signalling in sugarcane (McCormick et al., 2008), 
which will be discussed later. 
 
1.2.1.2 Nutrients 
Nutrient deficiency/toxicity, or soil composition and pH, is ruled out as a cause of YCS 
symptom onset after substantial testing (Sugar Research Australia, unpubl. data). This is 
consistent with marked differences of YCS leaf yellowing symptoms and onset from those 
of nitrogen, phosphorus, potassium, calcium, magnesium, sulphur, copper, zinc, boron, 
manganese, iron, molybdenum, silicon and aluminium deficiencies or toxicities (Color 
Plate 5.1 to 5.15 in Moore and Botha, 2014). 
 
Deficiency of nitrogen, potassium and magnesium result in yellowing symptoms (rather 
than reddening (anthocyanin accumulation) or whitening of lamina displayed by other 
nutrient limitations), their biochemical impacts and differences are discussed briefly. 
 
Nitrogen 
Nitrogen deficiency displays as light green to yellow discolouration of leaves (Kingston, 
2013). This first impacts the oldest leaves, wherein older leaves mobilise nitrogen stores 
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(through amino acids translocation in phloem sap, largely through glutamine and 
asparagine) to supply younger and growing leaves. This occurs during the senescence 
process normally and during nitrogen uptake limitation. Initial nitrogen uptake from soil is 
as nitrate and ammonium, which are transported to shoots through the transpiration 
stream. Nitrogen deficiency may also occur concurrently with water/heat stress as 
transpiration is decreased. In sorghum (Sorghum bicolor), nitrogen deficiency leads to 
decreased net photosynthetic rate, stomatal conductance, chlorophyll content and PEPC 
to Rubisco activity ratio (Makino and Ueno, 2018). Further, sucrose levels increase as well 
as increased starch granule abundance in bundle sheath (BS) cells. Biochemical 
implications of nitrogen deficiency upon photosynthesis are otherwise generally limited in 
C4 species.  
 
Despite similarities of reduced photosynthetic processes and increases in leaf sucrose and 
starch (Marquardt et al., 2016), leaf symptoms clearly differ between nitrogen deficiency 
and YCS. This is both in leaf symptom colouration (golden-yellow in YCS), and symptom 
progression in the canopy (mid canopy in YCS, rather than oldest leaves first as in 
nitrogen deficiency). 
 
Potassium 
Potassium deficiency in sugarcane displays as golden yellow discolouration, starting at the 
leaf margins and tip, moving inwards towards the midrib and leaf base (Kingston, 2013). 
Potassium is required for many cellular processes, notably osmoregulation of the plant in 
terms of water uptake, and stomatal opening and closing of guard cells. It is further 
involved in the activation of numerous enzymes involved in starch and protein synthesis as 
well as protein synthesis and sucrose phloem loading and unloading (Kingston, 2013).  
 
Many studies report a reduction in photosynthetic rate during insufficient potassium supply, 
as well as reduced PEPC and Rubisco content (Wang et al., 2015 and references therein). 
As with water-deficiency, stomatal closure is implicated as a trigger of these effects (Thiel 
and Wolf, 1997), as potassium uptake into guard cells of stomata is required for stomatal 
opening (Shabala, 2003). However, potassium is also involved in many other processes, 
including non-photosynthetic ATP synthesis, CO2 uptake and in photosynthetic proton flux 
over the thylakoid membrane (Jin et al., 2011).  
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Further, the phytohormone ethylene has been implicated to trigger responses during 
potassium deficiency. Genes involved in ethylene biosynthesis are upregulated when 
potassium levels are low (Shin et al., 2004; Fan et al., 2014) and this results in a 
corresponding increase of ethylene production. ROS-related gene expression changes 
have similarly been linked to potassium deficiency (Shin et al., 2004). 
 
The YCS leaf yellowing symptom is distinct from potassium deficiency symptoms wherein 
it begins in the middle of the leaf, generally on one side of the midrib (Marquardt et al., 
2016). 
 
Magnesium 
Magnesium deficiency symptoms in sugarcane display as yellowing which occurs as 
interveinal spots, often orange in colour (Kingston, 2013). Initial magnesium deficiency 
affects leaves through limitation of phloem loading, which precedes symptom 
development, leading to sucrose build-up in leaves (Cakmak et al., 1994). This occurs 
through diminished H+-ATPase function, which requires Mg2+ as a cofactor (Hanstein et 
al., 2011; Marschner, 2011). H+-ATPase activity provides the proton gradient between 
phloem symplasm and vascular apoplast for H+ symport with sucrose molecules by 
sucrose/H+ symporter transporters (SUTs). Photosynthetic rate is decreased in leaves with 
a magnesium deficiency through sugar feedback regulation (Li et al., 2001; Ling et al., 
2009). This is evident through photosynthetic decline and chlorophyll content reduction 
taking place after sucrose accumulation occurs in magnesium deficient leaves (Cakmak et 
al., 1994; Fischer et al., 1998; Hermans et al., 2004; Hermans et al., 2005; Hermans and 
Verbruggen, 2005). In maize, carbon and nitrogen metabolism pathway enzyme activities 
of nitrate reductase, sucrose phosphate synthase (SPS) and PEPC, as well as processes 
of oxygen evolution and PSII photochemical energy conversion, are reduced (Zhao et al., 
2012). YCS-affected leaves similarly show sucrose accumulation (Marquardt et al., 2016; 
Marquardt et al., 2017). However, the appearance of leaf yellowing is distinct from that of 
magnesium deficiency where YCS onset does not display as spots on the leaf lamina, but 
rather, as a consistent yellowing section of the lamina. 
 
1.2.2 Biotic stressors leading to yellowing 
Biotic stress in plants is caused by a negative interaction with another living organism. The 
underlying process of a biotic stress response is a switch from metabolism for growth or 
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reproduction to that of defence. This can, for instance, be detected through the 
upregulation of defensive-related genes and suppression of those related to 
photosynthetic function (Bilgin et al., 2010). The comprehensive review by Souza et al. 
(2017) describes the protein abundance changes associated with biotic stress in 
sugarcane.  
 
A decrease in photosynthetic rate is one of the common negative impacts of insect or 
pathogen interaction with plants (Bilgin et al., 2010; and references therein). Some of the 
major changes in photosynthetic gene expression during biotic stress in Arabidopsis 
include Rubisco small subunit (RbcS), Rubisco activase, phosphoribulose kinase (PRK), 
CP12 and sedoheptulose-1,7-bisphosphatase (SBPase), as well as of genes coding for 
the components of the PET chain (Logemann et al., 1995; Ehness et al., 1997; 
Hermsmeier et al., 2001; Montesano et al., 2004; Zou et al., 2005). Conversely, 
upregulation of ferredoxin and ferredoxin NADPH-oxidoreductase transcript is observed 
under these conditions (Bilgin et al., 2010). 
 
The way in which leaf tissues react to direct biotic stresses is highly dependent on the 
pathogen type and plant species. Suppression of photosynthesis and leaf yellowing may 
occur in many ways. However, according to Rojas et al. (2014), suppression of 
photosynthesis during plant-pathogen interaction can be grouped into two mechanisms: 1) 
triggered by pathogen effector proteins (Truman et al., 2006); and/or 2) feedback 
regulation mediated by sugar signals (Rolland et al., 2006; and references therein). 
 
For this purpose of this review, reactions triggered by effector proteins involved in 
hypersensitive response/programmed cell death, as well as toxins and viral effects, which 
largely result in localised necrotic patches rather than leaf yellowing (reviewed by Białas et 
al., 2017; Jwa and Hwang, 2017; Peng et al., 2017; and Leisner and Schoelz, 2018), will 
only be briefly mentioned here. Some direct and indirect results of pathogen infection 
which may lead to leaf yellowing are discussed in more detail. Specific sugarcane biotic 
factors associated with symptoms of yellowing are also discussed. 
 
1.2.2.1 Hypersensitive response (HR) 
Direct, localised reaction to a pathogen (e.g. HR) generally involves pathogen perception 
by the plant. This occurs through recognition of molecules as indicators of pathogen 
attack, termed pathogen-associated molecular patterns (PAMPs), or pathogen effector 
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proteins (through resistance genes). PAMPs are perceived through transmembrane 
pattern recognition receptors (PRRs) which activate a series of defence responses termed 
PAMP-triggered immunity (PTI) including MAP kinase (MAPK) activation, ROS production 
and gene expression changes to alter metabolism focus from growth to defence, hormone 
biosynthesis, antimicrobial secondary metabolite synthesis and deposition of callose 
(Chisholm et al., 2006; Scheibe and Dietz, 2012; Morkunas and Ratajczak, 2014). 
Effector-triggered immunity (ETI) is a more intense reaction often involving cell death 
(Jones and Dangl, 2006). PTI and ETI are generally associated with bacterial and fungal 
infection, but in reality occur during a wide variety of biotic interactions (Torres, 2010; and 
references therein). 
 
Of these defence responses, ROS production as part of HR is a key process. This further 
involves organised transcriptional and translational changes in the plant (Pennell and 
Lamb, 1997; Greenberg and Yao, 2004; Gechev and Hille, 2005). Additionally, changes in 
ion flux (Lecourieux et al., 2002), nitric oxide levels (Delledonne et al., 2001), and protein 
phosphorylation state are all likely to be involved. Light is critical to the HR response (Zeier 
et al., 2004) where functional chloroplasts are required for the HR response in plant leaves 
(Genoud et al., 2002). However, oxidative bursts not associated with light also occur in 
biotic stress situations such as in response to insects, for example in the form of sap-
feeding (Martinez de Ilarduya et al., 2003) or chewing herbivores (Maffei et al., 2006). 
ROS produced from these situations comes from both the insect interaction and physical 
wounding (Orozco-Cárdenas et al., 2001; Torres, 2010).  
 
Apart from HR, which is localised to the infection areas, a recognition of pathogen infection 
also results in a more widespread plant response. These responses are thought to be 
signalled by plant hormones associated with plant defence signalling for biotic stresses, 
such as ethylene, salicylic acid (SA), jasmonate (JA) and abscisic acid (ABA) (Pusztahelyi 
et al., 2015), of which SA and JA are synthesised exclusively in the chloroplast; 
highlighting the importance of the chloroplast compartment in stress signalling. 
 
1.2.2.2 Viruses 
Virus proteins themselves can directly negatively affect photosynthesis and result in leaf 
yellowing. For example, Tobacco Mosaic Virus (TMV) coat proteins accumulate in the 
thylakoid membrane and inhibit PSII by mimicking the attachment point of LHCII (Reinero 
and Beachy, 1989; Ma et al., 2008). Single-stranded DNA geminivirus causes radish leaf 
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curl disease (RaLCB) in Nicotiana benthamiana, of which the main visual symptom is vein 
clearing. Bhattacharyya et al. (2015) found a betasatellite to be the cause for this 
symptom, which included downregulation of chlorophyll biosynthesis specific genes in the 
tetrapyrrole biosynthesis pathway; magnesium chelatase (MgCh) subunits ChlI & ChlD, 
magnesium protoporphyrin IX methyltransferase (MgMT) and chlorophyll synthase (ChlG). 
Further, the chlorophyll a/b ratio is ~15% greater in this system, whereas generally in 
chlorosis induced by virus-plant infections, this ratio remains unchanged (Bhattacharyya et 
al., 2015). This could indicate LHCII loss prior to other photosynthetic electron transport 
chain components (Bhattacharyya et al., 2015).  
 
However, viral infections are varied in their initial trigger which suppresses photosynthesis. 
The main reason for leaf yellowing during infection is due to virus-related protein build-up 
in vascular tissue (discussed in vascular blockage section). Such is the hypothesised 
reason for leaf yellowing symptoms experienced during ScYLV infection of sugarcane 
(Goncalves et al., 2005; Lehrer et al., 2007). 
 
Additionally, viruses may also be latent in the host genome and lead to infection and leaf 
yellowing symptoms upon transcription. These are termed genome integrated viruses, 
where transcription may be triggered by changes in environmental conditions or stress. 
Examples which affect leaf tissues resulting in varied yellowing symptoms include Banana 
streak virus, Tobacco vein clearing virus, and Petunia vein clearing virus. For fundamental 
review of integrated viruses see Harper et al. (2002). 
 
1.2.2.3 Toxins 
Excretion of toxins produced by biotic agents can result in leaf yellowing. The term toxin is 
used to describe effectors secreted by the pathogen in the form of proteins or metabolites. 
They are important for pathogenicity and may act either from the apoplastic space or 
inside the host cell (Burg et al., 2009; and references therein). 
 
Host-selective toxins (HST) are effectors that induce cell death in specific hosts. HSTs 
known to target the plasma membrane of grasses and to lead to leaf symptoms, include 
PC-toxin produced by Periconia circinata in sorghum, and the HS-toxin produced by 
Heterodera sacchari that causes eye spot disease of sugarcane. Another target is the host 
cell mitochondria such as HMT-toxin in maize from Harpophora (Akimitsu et al., 2014). 
The AM-toxin produced by Alterneria spp. on apple tissue (Malus pumila) is suggested to 
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have two target sites in susceptible apple cells, the plasma membrane and the 
chloroplasts (Park et al., 1981). AM-toxin induces folding of the plasma membrane, 
reduces chlorophyll content and inhibits photosynthetic CO2 assimilation (Akimitsu et al., 
2014). 
 
However, toxins do not always have a directly toxic effect on plant cells, and may rather 
bind to receptors to supress the plant’s defence response (Nishimura and Kohmoto, 1983; 
Kohmoto et al., 1991). 
 
Production of toxins and their effect upon plants is varied and frequently results in cell 
death rather than yellowing of leaf tissues per se. For comprehensive reviews see Friesen 
et al. (2008), Tsuge et al. (2013), and Pusztahelyi et al. (2015). 
 
1.2.2.4 Vascular blockage 
Indirect pathogen interaction with plants can lead to yellowing of leaf lamina when the site 
of pathogen infection is elsewhere. This is frequently due to vascular blockage (xylem, 
phloem or both). 
 
Blockage of xylem vessels leads to leaf water and nutrient delivery restriction, this may 
also include localised tissue damage at the site of blockage. Leaf yellowing in these cases 
is therefore generally due to pseudo abiotic stress in the leaf.  
 
Phloem blockage due to pathogen infection leads to an inability to export sucrose out of 
the leaf, and this leads to yellowing. Sugar accumulation in leaves causes feedback 
regulation from photoassimilate build-up (Smith and Stitt, 2007). Feedback regulation of 
photosynthesis is well known to lead to leaf yellowing in grasses, the exact mechanism 
through which is not clear. Sucrose export limitation has been studied in C4 plants such as 
maize, where sucrose transporters required for phloem loading are mutated, or sieve plate 
occlusion occurs (Botha et al., 2000; Braun et al., 2006; Baker and Braun, 2008; Braun 
and Slewinski, 2009). Feedback regulation of photosynthesis is studied in sugarcane 
through cold-girdling (McCormick et al., 2008, 2008). More details of this process are 
discussed in the sugar signalling section. 
 
Phloem blockage may occur by a pathogen’s physical presence in the phloem conduits. 
Barley Yellow Dwarf Virus (BYDV) is an example of a pathogen blocking the phloem, 
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causing sugar accumulation and yellowing (Jensen, 1969). This is a similar luteovirus to 
ScYLV, which functions in a similar manner (ElSayed et al., 2015; and references therein). 
Plants may also attempt to limit foreign particle travel through plasmodesmata by callose 
deposition in phloem sieve plates (Zavaliev et al., 2011). Gene expression changes 
involving induction of callose synthase are associated with this reaction (Hao et al., 2008; 
Xie and Hong, 2011; and references therein). 
 
Additionally, sugar transporters can be hijacked by pathogens. This takes place during 
infection by bacterial and fungal pathogens, whereby SWEET gene expression is induced, 
which increases sugar release from cells into the apoplast space for feeding (Chen et al., 
2010). SWEETs facilitate the release of sugar from cells in the leaf for loading into the 
phloem. This plant-pathogen interaction led to the characterisation of this gene family 
(Chen et al., 2010; Chen et al., 2012; Chen, 2014). 
 
Phloem-affecting biotic factors associated with leaf yellowing in sugarcane include 
aforementioned ScYLV, and Sugarcane yellow leaf phytoplasma (ScYP; mollicute 
bacterium), where both may infect simultaneously leading to the exacerbation of 
symptoms. Difficulty in isolating the symptoms of both has been found, especially when 
coupled with abiotic stresses which display similar symptoms (Cronjé et al., 1998; Aljanabi 
et al., 2001; Lehrer and Komor, 2008). 
 
ScYLV is a phloem-located virus leading to symptoms of yellowing of lamina and midrib 
tissues associated with chloroplast structure and function changes (Yan et al., 2008). After 
yellowing symptoms present, reduced carbohydrate is found in leaves. However, 
preceding symptoms, elevated carbohydrate levels occur. It is concluded symptoms are 
caused by sugar accumulation in the leaf as a result of sucrose leaf export restriction (Yan 
et al., 2008; Lehrer et al., 2009). Similarly, ScYP leads to distinct yellowing symptoms of 
the midrib of sugarcane leaves. Phytoplasma are endophytic bacteria - which are phloem-
residing - often block translocation of phloem sap. YCS leaf symptoms differ from both 
ScYLV and ScYP wherein midrib yellowing seldom occurs. YCS leaf samples consistently 
test negatively for the presence of ScYLV (Sugar Research Australia, unpubl. data). 
 
1.2.3 Developmental senescence 
Leaf senescence is the organ-level process induced when leaf function shifts from carbon 
capture through photosynthesis to the mobilisation of valuable nutrients to the remaining 
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plant. This ends in the abscission of the leaf. It is a structured, purposeful process rather 
than passive. 
 
The most visible sign of senescence is the shift of leaf colour from green to yellow or red 
(Rajcan et al., 1999). This colour change represents the catabolism of chlorophyll, which 
occurs faster and prior to catabolism of carotenoids (Biswal, 1995), as well as additional 
synthesis of anthocyanins and phenolic compounds that takes place during senescence 
(Hendry, 1988). 
 
Senescence begins with the shift from carbon assimilation (photosynthesis) to catabolism 
of functional leaf components. Chloroplasts are the first target, which contain up to 70% of 
leaf protein (Lim, Kim, & Nam, 2007) and up to 80% of leaf nitrogen (Osmond, 1991). 
Initial chloroplast changes are in the thylakoid membrane (which affects grana structure). 
Also the formation or enlargement of plastoglobuli occurs. The synthesis of protein, tRNA, 
rRNA and total RNA synthesis is reduced, while RNase levels increase and content of 
enzymes such as Rubisco decrease (for review see Mulisch and Krupinska, 2013). 
 
Senescence is triggered internally in the plant by many factors, including developmental 
age, reproduction state, and abiotic and biotic stresses. Hormones play an important role 
in regulating and/or the signalling of these plant states. Further, multiple categories of 
genes have been associated with senescence (Smart, 1994; Rajcan et al., 1999; Thomas, 
2013). 
 
Senescence is linked to the activation of transcription factors (generally through 
hormones) that initiate expression of senescence-associated genes (SAGs). This is 
studied well in Arabidopsis, wherein characterised transcription factor families include 
NAC, WRKY, C2H2 zinc finger protein, AP2/ERF, MYB, homeobox proteins, bZIP, bHLH, 
and C3H zinc finger proteins. In sugarcane, two senescence-marker genes are confirmed 
as SAG12-like and XET-like, which show strong upregulation (Martins et al., 2016). This 
was associated with two-fold lower chlorophyll a/b ratio and carotenoid content decrease. 
Detailed plant signal transduction pathways of senescence are reviewed in Zhang and 
Zhou (2013) and Wojciechowska et al. (2017). 
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Phytohormones linked to senescence include cytokinin (CK), ethylene, auxin (IAA), JA, 
ABA and SA. For reviews on phytohormones and leaf senescence, see comprehensive 
reviews by Lim et al. (2007); and Khan et al. (2014).  
 
Sugar in leaves is also linked to senescence signalling, where sugar levels themselves 
regulate developmental aging process and senescence (Wingler et al., 1998; Dai et al., 
1999; Pourtau et al., 2006; Lim et al., 2007). Many studies have found high sugar 
concentration in leaves with the onset of senescence (Jang et al., 1997; Dai et al., 1999; 
Quirino et al., 2000; Parrott et al., 2005; Feller and Fischer, 2007; Tang et al., 2015).  
 
When sucrose production in a source leaf is no longer contributing photoassimilate to the 
remaining plant, an accumulation of sucrose and triggering of senescence takes place. For 
example during castor bean leaf senescence, Jongebloed et al. (2004) shows callose 
deposition leading to phloem blockage and sugar accumulation, which occurs prior to 
chlorophyll degradation. Additionally Tang et al. (2015) hypothesise high carbohydrate 
concentration (stem-girdle-induced) achieves accelerated leaf senescence, and 
chlorophyll loss, by damaging oxygen evolving complex function on the donor side of PSII 
of the PET chain, as well as the acceptor side of PSII in Alhagi sparsifolia. 
 
However sugar accumulation is not a defining feature of senescence onset, as 
senescence is also induced in low leaf carbohydrate concentration (e.g. dark-induced 
senescence; Pourtau et al., 2006). The mechanism behind this regulation by sugar is 
largely unknown, however hexokinases have been implicated in mediating this sugar 
signalling (Dai et al., 1999; Moore et al., 2003; Yoshida, 2003; Parrott et al., 2005). This is 
discussed further in the sugar signalling section.  
 
Analysing the different mechanism of senescence induction, Guo and Gan (2012) used a 
systems based approach to show that there is limited similarity between the early stage 
gene expression changes associated with induced senescence (hormones and stresses) 
and that of developmental leaf senescence. However, once senescence is initiated as 
evidenced by visible yellowing, a great proportion of the induced genes are shared 
between induced and developmental senescence. This would suggest that different signal 
induction pathways are involved in induced and developmental senescence but that 
senescence per se occurs through a general mechanism. 
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Of note is a recent review by Agüera and De la Haba (2018), which concludes the effect of 
elevated CO2 levels and low nitrogen leading to the induction of senescence is due to an 
imbalance in the carbon to nitrogen ratio in mature leaves. Sugar accumulation and H2O2 
production takes place to produce an oxidative stress state where antioxidant enzyme 
activities increase. This leads to degradation of photosynthetic pigments and onset of 
senescence. 
 
1.2.4 Sugar signalling and feedback regulation 
A common theme among causes of leaf yellowing is accumulation of sugars in leaves. 
This is known to be a characteristic of the Poaceae (grasses). The way in which sugar 
build-up leads to yellowing symptoms is described to be the result of feedback regulation 
upon photosynthesis (Krapp and Stitt, 1995), and embodies the balance between source 
production and sink usage of photoassimilate (for review of sugarcane source-sink 
physiology see Watt et al., 2014). This may eventually lead to the onset of senescence (as 
discussed). Accumulation of sucrose is found in YCS-affected sugarcane leaves 
(Marquardt et al., 2016; Marquardt et al., 2017). 
 
Sugar build-up can occur through physical blockages resulting in restrictions in phloem 
translocation. These include inhabitation of the phloem cells by biotic factors, mechanical 
damage to the vasculature (including from insect feeding), and sieve plate occlusion by 
callose deposition. Evidence of phloem inhabitation leading to blockage, or mechanical 
damage, is not observed during YCS development. Callose deposition has been observed 
in YCS-affected leaf tissues, however only after sugar accumulation is present (Sugar 
Research Australia, unpubl. data).  
 
In sugarcane, sugar feedback regulation is well studied through source-sink perturbation 
through source leaf removal (McCormick et al., 2008), sucrose spraying, and leaf 
photoassimilate export restriction through cold-girdling (McCormick et al., 2008; Lobo et 
al., 2015; Ribeiro et al., 2017). Decreases in photosynthesis are linked to reductions in 
PEPC and Rubisco transcript and protein levels and protein activities during feedback 
regulation in sugarcane (Lobo et al., 2015; Ribeiro et al., 2017). Signalling through glucose 
– rather than sucrose - is implicated to lead to these effects (McCormick et al., 2008). 
 
However sugar signalling may regulate cellular activity at multiple levels, from transcription 
and translation to protein stability and activity (Rolland et al., 2006; Morkunas and 
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Ratajczak, 2014). General sugar sensing or signalling components can be housed in the 
plasma membrane or symplasm, such as ‘regulator of G-protein signaling’ (Chen and 
Jones, 2004), or Sucrose non-fermenting related protein kinases (SNF1; SnRK; Halford 
and Hey, 2009; Coello et al., 2011). SnRKs play a central role in the integration of stress 
and sugar responses. SnrK1 is linked to trehalose and trehalose-6-phosphate (T6P) 
sensing, which interacts with starch production, growth and photosynthetic genes in 
response to sugar levels. Indeed T6P is tightly linked to sucrose levels (Lunn et al., 2006) 
and together form the sucrose-T6P nexus (Yadav et al., 2014): for reviews see Lunn et al. 
(2014), Figueroa et al. (2016), Figueroa and Lunn (2016) and Wurzinger et al. (2018). This 
leads to photosynthesis regulation and involvement in triggering of leaf yellowing through 
metabolic signalling cascades. 
 
Of importance is the knowledge of sucrose’s presence in the chloroplast itself (Gerrits et 
al., 2001). Added to this is work by Tamoi et al. (2010) which studies a mutation leading to 
increased AtINVE activity (plastidic alkaline/neutral invertase; Vargas et al., 2008). 
AtINVE-mutated Arabidopsis seedlings fed with sucrose have a suppressed 
photosynthetic apparatus and photosynthesis-associated nuclear genes (PhANGs), which 
takes place without the involvement of known cytosolic sucrose sensing mechanisms (e.g. 
hexokinase; HXK). In Arabidopsis, AtINVE is responsible for approx. 20% of the total leaf 
invertase activity (Vargas et al., 2008). Further, HXKs, fructokinases and fructokinase-like 
proteins functioning within the chloroplast are implicated in signalling nuclear gene 
expression (Zhang et al., 2010) and fructose signalling (Wimmelbacher and Börnke, 2014). 
Sugars within the chloroplast compartment are important, as they may be pivotal in 
chloroplastic and nuclear gene expression changes associated with photosynthetic 
repression during leaf sugar accumulation. For information regarding PET chain regulation 
dynamics and gene expression featuring sections discussing sugar-related signalling, see 
Foyer et al. (2012), Schottler and Toth (2014) and Schottler et al. (2015). 
 
Overall, the chain reaction of sugar build-up leading to yellowing is not well understood in 
plants. Particularly lacking is information for C4 species such as sugarcane. Although, 
comprehensive research of maize sucrose transporters using mutation studies has been 
performed, wherein sucrose accumulation in leaves leads to yellowing symptoms and 
starch build-up (Braun and Slewinski, 2009; Slewinski et al., 2009; Julius et al., 2017).  
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1.2.5 Summary 
This review aimed to condense knowledge of how leaf yellowing can occur in plants, and 
whether common biochemical themes are present. Knowledge of sugarcane stress 
metabolism is generally limited.  
 
The many ways through which leaf yellowing of plants occur show some similarity. Abiotic 
or biotic stresses (excluding HR) either result in stomatal closure and CO2 limitation, or 
accumulation of sugars leading to feedback regulation (Fig.1.2.1). Both of these impact on 
the redox state of the photosynthetic electron transport chain in the chloroplasts. Redox 
signalling - particularly through plastoquinione and cytochrome b6f components of the PET 
chain - allows the widespread downregulation of photosynthetic gene expression in both 
chloroplast and nuclear genomes (Schottler et al., 2015). This is termed photosynthetic 
control (Foyer et al., 2012), and takes place through retrograde (chloroplast to nucleus) 
signalling.  
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Figure 1.2.1 Simplified diagram of triggers and cascade effects leading to leaf yellowing 
known to take place in grasses. Green outline indicates abiotic stress, orange indicates 
biotic stress. PCD; programmed cell death, PEPC; phosphoenolpyruvate carboxylase, 
PET; photosynthetic electron transport, Rubisco; Ribulose bisphosphate 
carboxylase/oxygenase, ROS; reactive oxygen species. 
 
A tight link between chloroplast and nuclear gene expression is required as photosynthetic 
process-related proteins are encoded in both compartments. For example oxygen-evolving 
complex (OEC) components and RbcS are nuclear-encoded, while PSII D1 and Rubisco 
large subunit (RbcL) are chloroplast-encoded. Suppression of these is found during 
various abiotic and biotic stress responses. 
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It can be difficult to differentiate between a biotic or abiotic stress leading to leaf yellowing 
when knowledge of a causal trigger is lacking, especially if a combination of both in effect 
may lead to symptoms. However, if the metabolic profile of leaves developing yellowing 
symptoms is able to be determined, the possibility to narrow down an initial trigger of 
yellowing may be achieved.  
 
In order to determine how leaf yellowing symptoms occur during YCS development in 
sugarcane, firstly physiological impacts in leaves requires investigation. This would include 
YCS impact upon leaf photosynthetic rates, fluorescence, stomatal conductance, and 
carbon fixation. These results tied together with metabolic analyses (e.g. metabolites 
including sugars, mesophyll carbon fixation enzyme regulation such as PEPC, BS 
decarboxylation, effects on Rubisco), may allow for an understanding of the direction in 
which YCS leads to symptoms development. Analysis of omics data represent a well-
proven method in which to study these processes and may additionally aid in identification 
of potential causal agent of symptoms. 
 
Further, it is unknown whether yellowing symptoms on individual leaves represent the only 
location of YCS impact or whether the remaining canopy is also affected. The investigation 
of physiological and metabolic effects outside of areas of symptoms is required to 
determine if YCS development is due to a systemic cause.  
 
With the understanding of literature surrounding leaf yellowing, this study aims to build 
knowledge surrounding the effects of YCS onset upon leaf function. This will contribute to 
understanding of general sugarcane leaf metabolism, as well as metabolism during stress; 
areas in which information is currently lacking.  
 
Specifically understanding YCS onset with use of omics data (metabolome, proteome and 
transcriptome) will aid in development of management strategies and can be applied to 
create breeding tools for tolerance to YCS as well as potentially enhance sugarcane 
productivity in general. 
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Changes in photosynthesis and carbohydrate metabolism in sugarcane during the 
development of Yellow Canopy Syndrome 
 
Based on publication 
Marquardt, A., Scalia, G., Joyce, P., Basnayake, J., & Botha, F. C. (2016). Changes in 
photosynthesis and carbohydrate metabolism in sugarcane during the development of 
Yellow Canopy Syndrome. Functional Plant Biology, 43(6), 523-533. 
 
Contribution to authorship 
A. Marquardt contributed to writing and reviewing the manuscript, and interpretation of the 
data with Prof F. C. Botha. 
 
Details 
Chapter 2 sections taken directly from publication are the abstract, introduction, materials 
and methods, results (all figures), discussion and conclusions.  
 
This study was conducted by Sugar Research Australia with in-field measurements were 
completed by Dr. P. Joyce and Dr. J. Basnayake and assistance staff. Sucrose and starch 
measurements were undertaken by G. Scalia and A. Marquardt. Data interpretation, 
writing and reviewing of the manuscript were carried out by A. Marquardt and Prof F. C. 
Botha. 
 
This chapter begins the investigation of physiological effects of yellow canopy syndrome 
(YCS) onset. The starting point of this is where the yellowing of mid canopy leaves was the 
fundamental, and only, known symptom of YCS, and no other investigated causes (known 
biotic or abiotic stresses) were consistent with symptom onset.
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2.1 Abstract 
Photosynthesis, stomatal conductance, electron transport, internal CO2 and sugar levels 
were determined in the leaves of Yellow Canopy Syndrome (YCS) symptomatic sugarcane 
(Saccharum spp.) plants. Two varieties from two different geographic regions in Australia, 
KQ228A and Q200A, were used. Although visual yellowing was only evident in the lower 
leaves of the canopy (older than Leaf 5), photosynthesis and stomatal conductance were 
lower in both the yellowing leaves and those not yet showing any visible symptoms. On a 
canopy basis, photosynthesis was reduced by 14% and 36% in YCS symptomatic KQ228A 
and Q200A plants, respectively. Sucrose levels increased significantly in the leaves, 
reflecting some of the earliest changes induced in YCS symptomatic plants. The electron 
transport characteristics of dark-adapted leaves showed disruptions on both the electron 
acceptor and donor side of PSII. Some of these changes are characteristic of a degree of 
disruption to the protein structure associated with the electron transport chain. Based on 
the results, we propose that the first change in metabolism in the YCS symptomatic plants 
was an increase in sucrose in the leaves and that all the other changes are secondary 
effects modulated by the increased sugar levels. 
 
2.2 Introduction 
Yellow Canopy Syndrome (YCS) was first observed in the Central and Northern cane-
growing regions in Australia in 2011. It is an undiagnosed condition affecting all varieties of 
sugarcane (Saccharum spp. hybrids) in Australia, resulting in significant crop losses, which 
is becoming increasingly evident. Initial analyses failed to find any correlation between the 
development of YCS and N, Fe and all other mineral nutrients, as well as known 
sugarcane pathogens. As such, the cause behind YCS symptoms is still unknown, as is 
whether it is caused by an abiotic or biotic factor. Notably, the development of YCS is 
distinctly different from that of Sugarcane yellow leaf virus (ScYLV), which was detected 
initially in Hawaii and Brazil (Vega et al., 1997) in the 1990s and is now recognised 
worldwide. 
 
Of the symptoms of ScYLV, necrosis of the discoloured leaf tissue is noticed when the 
disease severity increases. This starts from leaf tip and progresses towards the sheath, 
along the midrib. In addition, a bushy appearance of the leaves in the crown of the plants 
is often observed in susceptible varieties (Chinnaraja and Viswanathan, 2015). This is due 
to internode shortening in maturing plants. The pathogen responsible for ScYLV was 
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identified as a Luteovirus (Moonan et al., 2000). YCS affected sugarcane plants 
consistently test negative for the presence of ScYLV (data unpublished). 
 
It is well known that under conditions of high carbohydrate accumulation in the leaves of 
plants, photosynthetic gene expression is downregulated and chlorosis is induced. In 
studies of Barley yellow dwarf virus (Jensen, 1969) and ScYLV (Yan et al., 2008), it was 
shown that soluble sugars and starch rose to a higher level in infected leaves than in 
noninfected leaves. Indeed, higher hexose concentrations are reported in the leaves and 
stem juice of ScYLV-infected plants expressing disease symptoms (symptomatic) than in 
healthy plants (Fontaniella et al., 2003). This correlated with ultrastructural changes in the 
bundle sheath cells of symptomatic leaves. 
 
Similarly, yellowing of leaves can be induced by allowing for carbohydrate synthesis while 
blocking the translocation of carbohydrates (Krapp and Stitt, 1995; Braun and Slewinski, 
2009; and references therein). In maize (Zea mays L.) and other members of the Poaceae, 
starch and anthocyanin can accumulate in leaves when sugar concentrations are 
abnormally high (Tollenaar and Daynard, 1982). Sugar accumulation increases the 
osmoregulation in guard cells of stomata and subsequently reduces stomatal conductance 
(Girma and Krieg, 1992). 
 
The purpose of this study is twofold: 1) to determine to what extent photosynthesis, 
transpiration and variable fluorescence are altered in the yellow leaves and, 2) to 
determine whether there are changes in the soluble sugars associated with the 
development of YCS. 
 
2.3 Materials and methods 
 Experimental procedure 
Plant samples for the physiological and biochemical analysis were collected from two 
locations in Queensland. Nine-month-old ratoon crops of sugarcane (Saccharum spp. 
hybrids, var. KQ228A and Q200A) showing symptoms similar to YCS were selected at the 
Sugarcane Research Australia station in the Burdekin region and Victoria Mill in the 
Herbert region, respectively. The conventional management practices in these regions, 
including timely weed control, furrow irrigation and adequate nutrient applications, were 
followed (grown under normal field conditions). The plant crop was harvested in July 2013 
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and the ratoon was maintained for further observations. Canopy yellowing in some stalks 
was noticed in these ratoon crops in January 2014. Among the affected stalks, a 
reasonable number of leaves had typical YCS leaf symptoms, particularly partial yellowing 
of the fifth leaf of KQ228A and the third leaf in Q200A. Stalks free of YCS (asymptomatic) 
had clean green leaves and served as control samples. 
 
 Leaf sampling 
Three clumps (stools) each with characteristic yellow or healthy green canopies were 
tagged and labelled. From each clump, four well grown stalks were labelled as Stalks A, B, 
C and D. In total, 12 stalks in each treatment (three replicates) were selected for 
observations. Stalks A, B and C were used for destructive sampling; Stalk D was used for 
gas exchange measurements, stomatal conductance, transpiration, and light- and dark-
adapted chlorophyll fluorescence measurements during the morning and afternoon. The 
oldest leaf with less than 30% green lamina was considered as the last leaf. In YCS-
affected leaves, samplings and measurements were taken only from the green lamina. 
Twenty leaf discs were taken from each leaf, commencing with the first furled leaf. The first 
unfurled leaf (referred to here as the first visible dewlap) was numbered as Leaf 1. 
Samples were collected in duplicate, frozen in liquid N and stored frozen at –80°C before 
processing. 
 
 Gas exchange measurements 
Measurements on all available green leaves starting from one above the youngest fully 
expanded leaf were taken throughout the day to encompass a range of vapour pressure 
deficit, radiation, light and other environmental stress conditions. Following the standard 
settings recommended for C4 plants, leaf gas exchange measurements were made twice a 
day on healthy and yellow plants in Group D using two Li-COR 6400 instruments (Li-COR 
BioScience, Lincoln, NE, USA) (Long et al., 1996). The stomatal conductance, leaf level 
photosynthesis, internal CO2 and intrinsic transpiration efficiency were also measured 
during the day. 
 
During gas exchange measurements, the sample CO2 concentration and airflow rate were 
maintained at 400 µmol m–2 s–1 and 500 mol m–2 s–1, respectively. The PAR was 
maintained at 1500 mmol m–2 s–1 with the internal red, blue and green light sources (Long 
et al., 1996). The intensity of blue light in the light source was 10%; red was 80%. The 
25 
 
standard CO2 matching option was used after each set of measurements for high 
accuracy. 
 
 Determination of sugars and starch 
Sampled leaf disks were weighed and 100 mg of each sample was used for carbohydrate 
extraction. Tissue was ground to fine powder in tubes containing a 1/4” ceramic sphere 
(MP Biomedicals, Seven Hills, NSW, Australia) with a MP FastPrep-24 5G homogeniser 
(MP Biomedicals Santa Ana, CA, USA) set at 6 m s–1 for 30 s. Chlorophyll was removed 
by twice washing with 1 mL cold acetone (100% v/v), left overnight at –20°C before 
centrifuging at 6000g for 5 min. Acetone was removed from the resulting pellet after a 
second wash and left to air-dry. The starch in the residual pellet was determined using the 
method described by Müller-Röber et al. (1992). The pellet was suspended in 1 mL 
deionised water and incubated at 70°C for 30 min followed by centrifugation at 16 000g for 
10 min. The supernatant was removed, and the pellet was washed and resuspended with 
a further 1 mL deionised water, then centrifuged at 16 000g for 15 min. The supernatant 
was combined with the first fraction and pushed through a 0.45-µm hydrophilic PTFE filter 
(Advantec, Dublin, CA, USA); this was used for sugar determination. The remaining pellet 
was dissolved in 400 µL 0.2-M potassium hydroxide solution and heated at 90°C for 2 h. 
After cooling, the solution was neutralised with 70 µL 1-M acetic acid and centrifuged at 16 
000g for 10 min. Supernatant was removed and filtered as before; this was used for starch 
determination (Müller-Röber et al., 1992). 
 
Starch was digested in a sodium acetate buffer (100 mM, pH 5.5) containing 10 U 
amyloglucosidase per reaction for 2 h at 37°C. After cooling to room temperature, glucose 
was measured in the resulting solution as previously described (Bergmeyer and Bernt, 
1974; Beutler, 1984). 
 
Sucrose content was determined using the standard enzymatic method (Bergmeyer and 
Bernt, 1974). Glucose composition was determined using the Amplex Red glucose 
oxidase enzyme assay (Sigma Aldrich, St Louis, MO, USA) following the manufacturer’s 
instructions by fluorescence emission using an excitation filter at 530–560 nm and an 
emission filter at 590 nm. The fructose content was determined using a fructose 
colorimetric/fluorometric assay kit (BioVision Incorporated, Milpitas, CA, USA) with the 
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OxiRed probe following the manufacturer’s instructions. The excitation filter was 535–587 
nm and emission filter was 570 nm. Fructose assays were performed at 37°C. 
All absorbance and fluorescence readings were collected using a 96-well BMG Labtech 
FLUOstar Omega plate reader (BMG Labtech, Offenburg, Germany). 
 
 Chlorophyll a fluorescence 
Chlorophyll a O–J–I–P fluorescence transients (Strasser and Govindjee, 1992) were 
recorded for all the leaves in the canopy. Measurements were taken on the broadest 
midsection of the leaves of a minimum of 10 plants for each group (with or without visual 
expression of YCS). Measurements were taken with a Handy PEA advance continuous 
excitation chlorophyll fluorimeter (Hansatech Instruments Ltd, King’s Lynn, Norfolk, UK). 
The transients were induced by a red light (peak at 650 nm) of 3200 µmol m–2 s–1 provided 
by the Handy PEA fluorimeter through an array of six light-emitting diodes. 
The J-I-P test was subsequently employed to analyse each recorded transient. The 
following data from the original measurements were used: maximal fluorescence intensity 
(Fm), fluorescence intensity at 50 µs (considered as F0), the actual PSII efficiency and the 
efficiency of excitation captured by open PSII centres were calculated as (Fʹm – F0) Fm–1. 
Data analyses 
 
Data for sugar content, sucrose cleaving enzyme activities and growth rate were the mean 
values of at least three replicates with a replicate containing at least three independent 
samples. Fluorescence data were based on the averages of at least 10 individual 
readings. ANOVA (completely randomised design) was done using either the Statistix 10 
(Analytical Software, Tallahassee, FL, USA) or SigmaPlot ver. 12 (Systat Software, San 
Jose, CA, USA) packages. Differences were compared using Tukey’s HSD (honest 
significant difference) test. Normality checks were performed using the Shapiro–Wilk test. 
 
2.4 Results 
2.4.1 Phenotypic changes 
The first typical appearance of YCS in the leaves of both KQ228A and Q200A in the field 
showed a rich golden colouration that was especially noticeable in the lower leaves of the 
edge rows (Fig.2.4.1A & B). On closer examination, however, this yellowing was present 
in the entire field. The typical yellowing and appearance of symptoms in sugarcane leaves 
generally commenced towards midsummer starting with the lower (older) leaves in the 
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canopy. The sugarcane plants were approximately six months old at this time. Leaf 
symptoms commenced as discolouration of the leaf margins, usually in the younger parts 
or midway in the leaf blade (which turned yellow and finally brown), which then progressed 
towards the midribs and leaf tip. The patterns of yellowing observed in the field varied 
depending on the severity and stage of development (Fig.2.4.1D). In some instances, the 
chlorosis was over the entire leaf (Fig.2.4.1C & D) or localised to the margins of the leaf 
with the area around the midrib not discoloured (Fig.2.4.1D & E); in other leaves, the 
chlorosis was blotchy with the appearance of islands or sectors of chlorosis amidst green 
background leaf tissue (Fig.2.4.1E). Sometimes, an entire half of the leaf was yellow but 
the adjacent half was green (Fig.2.4.1D–F). Usually, the midrib remained unaffected 
without discolouration. 
 
( a ) ( b ) ( c )
( d ) ( e ) ( f )
 
Figure 2.4.1 Yellow canopy syndrome (YCS) leaf symptoms. YCS symptoms in a 
sugarcane field (A-C), variation in the late stage yellowing in YCS symptomatic leaves of 
sugarcane (D–F). 
 
 Photosynthesis in the leaf canopy 
The two varieties differed in their photosynthesis profile (Fig.2.4.2). In asymptomatic 
KQ228A, the CO2 fixation rate increased from the youngest leaf and peaked in Leaf 4, after 
which, the rate decreased (Fig.2.4.2A). The difference between the highest and lowest 
fixation rate in the canopy was 40%. In asymptomatic Q200A, the highest CO2 fixation rate 
was in Leaf 1, and decreased by more than 70% between Leaves 1 and 6 (Fig.2.4.2B). In 
A B C 
D E F 
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both varieties, the CO2 fixation rate was lower in the afternoon than in the morning (data 
not shown). 
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Figure 2.4.2 Photosynthesis rates in all the leaves of the canopy of KQ228A (A) and 
Q200A (B) yellow canopy syndrome (YCS) symptomatic and control sugarcane plants. 
Closed symbols, control; open symbols, YCS. Values ± s.d. 
 
The patterns of change were similar in the YCS symptomatic plants compared with the 
asymptomatic plants. However, the photosynthetic rates of the YCS symptomatic plants 
were generally lower in most leaves in the canopy. The differences between the highest 
and lowest photosynthetic rates in the YCS symptomatic plants were 60% and 90% 
respectively for KQ228A and Q200A. These differences were more evident in the afternoon 
when the photosynthesis was slowing down (data not shown). 
 
The impact of YCS on photosynthetic performance becomes apparent when the gas 
exchange measurements were pooled to derive a ‘canopy average’ reading (Table 2.4.1). 
In YCS symptomatic plants, the average photosynthetic rates were 12% and 35% lower 
than in the controls for KQ228A and Q200A, respectively (Table 2.4.1). 
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Table 2.4.1 Mean conductance, photosynthesis and internal CO2 (averaged across 
all leaves) of yellow canopy syndrome (YCS) symptomatic and asymptomatic 
KQ228A and Q200A sugarcane plants. 
Parameter KQ228A Q200A 
Control YCS Difference % Control YCS Difference % 
CO2 fixation (µmol m–2 s–1) 26.12 22.35 (–14.4) 19.98 12.79 (–36.0) 
Stomatal conductance (mol m–2 s–1) 0.22 0.15 (–29.6) 0.17 0.10 (–42.0) 
Internal CO2 (mmol m–2 s–1) 155.19 137.11 (–11.6) 185.14 136.06 (–26.5) 
 
The stomatal conductance in the leaves in the canopy followed a similar pattern as that 
observed for photosynthesis (Fig.2.4.3A & B). Under high PAR in the morning, stomatal 
conductance in the leaves of YCS-affected canopies was 43% (KQ228A) and 58% 
(Q200A) lower than that of green healthy canopies. The differences in stomatal functions 
and the subsequent impact on gas exchange were evident with the variation in 
photosynthesis. 
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Figure 2.4.3 Stomatal conductance in all the leaves in the canopy of KQ228A (A) and 
Q200A (B) yellow canopy syndrome (YCS) symptomatic and control sugarcane plants. 
Closed symbols, control; open symbols, YCS. Values ± s.d. 
 
There were considerable differences in the internal CO2 concentrations between YCS 
symptomatic and control leaves (Fig.2.4.4A & B). The internal CO2 concentration was 
significantly lower in the YCS symptomatic plants commencing from Leaf 3 in KQ228A 
(Fig.2.4.4A) and Leaf 4 in Q200A plants (Fig.2.4.4B). On a canopy average basis, the 
A B 
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internal CO2 levels were 12% (KQ228A) and 26% (Q200A) lower in the YCS symptomatic 
plants than the control plants (Table 2.4.1). The stomatal limitation may have been the 
driving force for reducing the internal CO2 in most of the symptomatic leaves. 
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Figure 2.4.4 Internal CO2 concentration in all the leaves in the canopy of KQ228A (A) and 
Q200A (B) yellow canopy syndrome (YCS) symptomatic and control sugarcane plants. 
Closed symbols, control; open symbols, YCS. Values ± s.d. 
 
The maximum yield of primary photochemistry (PSII) in dark-adapted samples of Leaves 
1, 3 and 5 of the control plants of both varieties were not significantly different (Table 
2.4.2). The efficiency of PSII was not different between Leaves 1 and 3 in the YCS 
symptomatic plants but decreased significantly between Leaves 3 and 5 in both varieties. 
This value describes the ratio of the de-excitation rate constants of photochemical and 
nonphotochemical events and largely refers to changes in overall structure of the electron 
transport system. 
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Table 2.4.2 Changes in the efficiency of primary photochemistry (PSII) in dark 
adapted leaves to capture excitation energy by open PSII reaction centres (Fvʹ/Fmʹ) in 
KQ228A and Q200A sugarcane plants 
Tissue Fvʹ/Fmʹ 
KQ228A  Q200A 
Control 
Leaf 1 0.743a ±0.012 0.774a ±0.016 
Leaf 3 0.768a ±0.003 0.734a ±0.017 
Leaf 5 0.744a ±0.029 0.720a ±0.030 
YCS 
Leaf 1 0.752a ±0.021 0.755a ±0.017 
Leaf 3 0.712a ±0.009 0.722a ±0.017 
Leaf 5 0.621b ±0.021 0.622b ±0.030 
 
The chlorophyll a fluorescence transients of Leaves 1, 3 and 5 of control and YCS 
symptomatic plants are presented in Fig.2.4.5. The O–J–I–P transients measured on the 
control leaves were similar, indicating that the electron transport characteristics were not 
significantly influenced in this part of the canopy in the absence of YCS symptoms 
(Fig.2.4.5A & B). In contrast, there were substantial changes in the shape of the original 
variable fluorescence chlorophyll a transients between the YCS symptomatic and control 
leaves in both varieties (Fig.2.4.5A & D). Most obvious was the decrease in Fm in Leaves 
3 and 5 of the YCS symptomatic plants. A decrease in Fm without a decreasing F0 is 
indicative of the inactivation of reaction centres and not antenna quenching (Tsimilli-
Michael and Strasser, 2008). 
 
The polyphasic fluorescence transients provided information on PSII photochemistry, such 
as the electron transport on both the donor and acceptor sites of the photosystem. The O–
J–I–P transients were normalised to the P step (around 200 ms) using 50 µs as F0 
(Fig.2.4.5B & E) and the difference in the fluorescence relative to the control plants 
calculated from the normalised curves (Fig.2.4.5C & F). 
 
In the case of symptomatic KQ228A, Leaves 3 and 5, the delta curves revealed several 
changes in the performance of the electron transport chain (Fig.2.4.5C). In Leaf 3, there 
was a clear peak around 300 µs (the K step). An increase of the K step can be attributed 
to a disruption of the connectivity between the oxygen-evolving complex (OEC) and the 
electron transport chain (Jiang et al., 2006). This implied that more non-water electrons 
were entering the electron transport chain and that the system increasingly depended on 
organic molecules such as ascorbate to feed electrons into the photosynthetic electron 
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transport chain. Collectively, this reflected a decrease in integrity of the structure around 
PSII. 
 
In addition, there were peaks present at 2, 10 and 30 ms. The peak at 2 ms, denoted the J 
step, is associated with the electron acceptor side of PSII. The increase in ΔJ was 
therefore indicative of an increase in primary quinone acceptor (QA) concentration, 
suggesting reduced electron flow beyond QA. The appearance of the peaks after 2 ms (the 
I step) probably indicated an increase in the blockage of the electron flow on the acceptor 
side of PSI. On the basis of this result, the assumption can be made that the electron 
transport system was not delivering electrons to PSI and, subsequently, for CO2 fixation 
(Schansker et al. 2005). 
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Figure 5: Marquardt et al.
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Figure 2.4.5 The polyphasic chl a fluorescence rise O–J–I–P of yellow canopy syndrome 
(YCS) symptomatic and control KQ228A (A) and Q200A (D) sugarcane plants. The O–J–I–
P fluorescence transients were normalised between O (F50 µs) and P (F200 ms) for 
KQ228A (B) and Q200A (E). Differences in the variable fluorescence curves were 
constructed by subtraction of the normalised (O–P) fluorescence values of the control 
leaves, indicated by the black horizontal baseline, from YCS symptomatic leaves of 
KQ228A (C) and Q200A (F). Transients are averages of 10 independent measurements. L, 
leaf; F(t), fluorescence intensity at time t; Fp, fluorescence intensity at 200µs; F0, 
fluorescence intensity at 50 µs. 
 
 Sugars and starch 
The sugar levels in sugarcane leaves followed a diurnal pattern of change and the levels in 
leaves of different ages were not similar (Du et al., 1999; McCormick et al., 2008; Lehrer et 
al., 2009). To compensate for this, we normalised the data against the levels in Leaf 1 of 
asymptomatic plants at each sampling time. 
A B C 
D E F 
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The average sucrose, glucose and fructose levels in Leaf 1 of asymptomatic KQ228A were 
89.4, 15.5 and 12.4 µmol g–1 DW respectively; in asymptomatic Q200A, the content was 
65.9, 10.4 and 9.6 µmol g–1 DW, respectively (Fig.2.4.6). 
 
Similar sugar levels were present in the younger leaves of the control and YCS 
symptomatic plants. However, in the older leaves, there were significantly higher levels of 
sucrose, glucose and fructose (Fig.2.4.6). In YCS symptomatic leaves of KQ228A, the 
levels of sucrose were significantly higher (greater than twofold) than the controls in Leaf 5 
and older (Fig.2.4.6A). In contrast, the sucrose levels in Q200A increased earlier (in 
younger leaves) and were already significantly higher in the YCS symptomatic leaves from 
Leaf 3 and older (Fig.2.4.6D). The sucrose levels in Leaf 7 were more than threefold 
higher in the YCS symptomatic plants. 
Figure 6: Marquardt et al. 
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Figure 2.4.6 Metabolite levels in yellow canopy syndrome (YCS) symptomatic and 
asymptomatic KQ228A (A-C) and Q200A (D-F) sugarcane plants. Sucrose (A, D); glucose 
(B, E); fructose (C, F). Closed symbols, control; open symbols, YCS. Values ± s.d. 
 
A B C 
D E F 
35 
 
Both reducing sugars (glucose and fructose) exhibited similar patterns of change, where 
the accumulation was more evident in the Q200A symptomatic plants higher up in the leaf 
canopy. 
 
To determine whether there was a relationship between sugar and starch accumulation in 
the leaves, levels in Leaves 4 and 6 (Q200A), and Leaves 5 and 7 (KQ228A) were 
analysed. The sucrose and starch levels were significantly correlated in the afternoon 
(Table 2.4.3). A significant correlation was not evident in the morning for both YCS 
symptomatic and control KQ228A and Q200A plants. 
 
Table 2.4.3 Sucrose and starch level percentage of leaf FW and correlation between 
these in the leaves of Q200A (Herbert) and KQ228A (Burdekin) in yellow canopy 
syndrome (YCS) symptomatic sugarcane plants. Leaves 4 and 6 of Q200A, and 
Leaves 5 and 7 of KQ228A were used in this comparison. YCS; yellow canopy 
syndrome. 
Tissue Time Sucrose 
percentage of leaf 
FW (average %) 
Starch percentage 
of leaf FW (average 
%) 
Correlation 
(R2) 
P-value 
Q200A control 
a.m. 2.087 0.149 0.761 0.024 
p.m. 2.423 0.041 0.964 0.001 
Q200A YCS 
a.m. 4.686 0.134 0.638 0.057 
p.m. 7.224 0.179 0.913 0.003 
KQ228A Control 
a.m. 0.628 0.058 0.689 0.041 
p.m. 1.310 0.081 0.917 0.003 
KQ228A YCS 
a.m. 0.237 0.022 0.591 0.074 
p.m. 1.192 0.126 0.831 0.011 
 
 
2.5 Discussion 
The results presented here show that the metabolism in the canopy of YCS symptomatic 
sugarcane was affected. Broadly, there were two major impacts on the leaf metabolism of 
YCS symptomatic plants. Firstly, there was an inhibition of photosynthesis in both varieties 
(a 10–35% reduction in CO2 fixation) and an obvious disruption in some components of 
the electron transport system. Second, concentrations of sucrose and the two main 
reducing sugars were elevated in the leaves of the YCS symptomatic plants even before 
visible yellowing. 
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Photosynthesis was significantly reduced in the YCS symptomatic plants, as high in the 
canopy as Leaf 1 (Q200A). It is important to note that yellowing was usually only visible 
three or four leaves lower in the canopy. Given the reduced C fixation in such a large 
portion of the canopy, it would be reasonable to predict that there would have been a 
significant reduction in cane yield in the YCS symptomatic plants. Obviously, the extent of 
yield loss would have been a function of the severity of YCS expression and the frequency 
of its occurrence during the growth cycle. Collectively, YCS reduced the photosynthetically 
active leaf area, which is the prime production unit of the plant. 
 
The reduced photosynthesis was linked to the reduction in stomatal conductance and 
internal CO2 concentrations. A decline in the intercellular CO2 level eventually results in 
the downregulation of photosynthesis and biomass production (Chaves et al., 2002; 
Ghannoum, 2009). 
 
There were three main changes in the electron transport characteristics, namely the 
appearance of a K peak around 300 ms, significant changes in the J to I phase and a 
decrease in the maximum yield of primary photochemistry. 
 
It is evident from the data that one of the earliest changes was on the electron acceptor 
side of PSII, where a clearly defined K peak in the O–J–I–P transient at around 300 µs 
appeared. Normally, this particular peak is associated with inhibition of the OEC as a result 
of heat stress (Strasser et al., 2000; Jiang et al., 2006; Tsimilli-Michael and Strasser, 
2008). However, effectively, this peak indicated a disruption of the integrity of the electron 
transport system on the acceptor side of PSII (for reviews, see Tsimilli-Michael and 
Strasser, 2008; Tsimilli-Michael and Strasser, 2013). Such changes suggested 
photoinhibition of PSII,involving damage to D1 proteins with inadequate activity of the D1 
repair cycle, as well as accumulation of reactive oxygen species (Pokorska et al., 2009). 
When this situation arises, an electron donor other than water (e.g. ascorbate) can be 
used (Tóth et al., 2011). It is conceivable that the lower stomatal conductance in the YCS 
symptomatic plants resulted in significantly reduced transpiration rates, which, in turn, led 
to increased leaf temperature and some disruption of the OEC, as reported for other 
species (van Heerden et al., 2007). 
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There was a disruption of electron flow to PSI and CO2 fixation, resulting in the 
accumulation of a reduced QA and plastoquinone pool as previously described (Strasser et 
al., 2000). These restrictions on the acceptor side of PSI are likely to cause an increase in 
excitation pressure. To prevent imbalances between the rate of reducing power from light 
interception and energy use by the reduction of C metabolism, an integrated 
downregulation of all components of the photosynthetic process will occur (Medrano et al., 
2002). 
 
In the leaves just higher in the canopy than those exhibiting yellowing, there was a 
decrease in the maximum yield of primary photochemistry. This represented a leaf state 
just before yellowing of the tissue, and although we could not differentiate between the two 
deactivation rate constants (photochemical and nonphotochemical) it probably already 
indicated the presence of significant structural damage to the electron transport system 
(Tsimilli-Michael and Strasser, 2013). 
 
Sucrose levels were elevated in the YCS symptomatic tissue as early as in Leaf 3. This 
was contrary to expectations, given photosynthesis rates were also depressed in leaves of 
the YCS symptomatic plants well before any yellowing was observed. 
 
In C4 species such as maize and sugarcane, photosynthesis occurs in the mesophyll and 
bundle sheath (BS) cells. Maize, in particular, shows a strong asymmetric distribution of 
activities, with cytosolic sucrose phosphate synthase (SPS), sucrose phosphate 
phosphatase (SPP) and fructose-1,6-bisphosphatase (FBPase) functioning in the 
mesophyll, whereas the key enzymes for starch biosynthesis are located predominantly in 
the chloroplasts of BS cells. The mesophyll cells are closely interconnected by 
plasmodesmata, and the sucrose synthesised there is believed to move symplasmically 
via plasmodesmata towards the phloem region of minor veins (for more information see 
Aoki et al., 2012). There are limited plasmodesmata between phloem companion cells and 
the adjacent cells, and hence sucrose is offloaded into the apoplasm at the phloem of the 
minor veins. Sucrose is then actively uploaded into the companion cells and translocated 
into the sieve element for translocation. There are specific sucrose transporter proteins 
responsible for phloem loading (for recent sugar transporter review see Julius et al., 2017). 
Movement between the companion cells and the sieve element occurs through the 
plasmodesmata. 
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The accumulation of sucrose and other soluble sugars in the presence of reduced 
photosynthesis suggests that the export of sucrose was compromised in the YCS 
symptomatic plants. It is well known that under conditions of high carbohydrate 
accumulation, yellowing of leaves can be induced and photosynthesis inhibited (Sheen 
1994). 
 
As photosynthetically produced sucrose accumulates during the day, plants generally 
store excess as starch. With greater afternoon sucrose levels in YCS symptomatic leaves, 
a proportionally greater starch level was expected. This was observed through the strong 
correlation of sucrose and starch levels for both YCS symptomatic and control samples. 
The lack of a correlation between sucrose and starch levels in morning samples was 
probably explained by the normal diurnal pattern of preferential starch use over sucrose 
during the night when photosynthesis was not taking place. 
 
Soluble sugars and starch rise to a higher level in leaves infected with Barley yellow dwarf 
virus (Jensen, 1969) and ScYLV (Yan et al., 2008), than in noninfected leaves. Indeed, 
higher hexose concentrations are reported in the leaves and stem juice of ScYLV-infected 
plants expressing disease symptoms (symptomatic) than in healthy plants (Fontaniella et 
al., 2003), which correlates with ultrastructural changes in the bundle sheath cells of 
symptomatic leaves. Recently, it was shown that sugars accumulate very early in the viral 
infection process long before visual yellowing appears (Rodríguez et al., 2013). 
 
Notably, typical YCS symptom expression had a characteristic golden colour, consistent 
with both chlorophyll disappearance and increase of pigments such as zeaxanthin and 
anthocyanins. In the chlorotic leaf regions that develop because of feedback regulation by 
sugars, photosynthesis can be repressed by as much as 90% in the chlorotic regions and 
by 20% in the green leaves of the tie-dyed mutants in maize (Baker and Braun, 2008). In 
many of the yellowing maize mutants, sucrose phloem loading is restricted (Braun and 
Slewinski, 2009; Slewinski et al., 2012). In these mutants, there is a hyperaccumulation of 
carbohydrates, and this is associated with the development of chlorotic patches and early 
senescence. In most cases, the long-distance transport of sucrose is not compromised 
(Slewinski et al., 2012), and hence yellowing and the development of chlorotic regions 
occurs around the smaller veins and inner branches between the veins. This is remarkably 
similar to the development of YCS symptoms, where yellowing occurred between the 
smaller veins and rarely in the vicinity of the midrib. 
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In maize tie-dyed mutants, expression of yellowing and chlorosis is dependent on high 
light intensity (Braun and Slewinski, 2009). The authors suggest that yellowing occurs as a 
result of a threshold that is exceeded under this high light intensity. The mechanism 
through which high sugar concentration leads to yellowing is not clear but is likely to be a 
combination of feedback inhibition of photosynthetic gene expression and chlorophyll 
synthesis, which in turn leads to reduced chlorophyll accumulation and, ultimately, in 
yellow colouration of the tissue. 
 
Some of the sucrose in the apoplasm will be carried towards the stomata by the 
transpiration stream (Kelly et al., 2013; and references therein) and this plays an important 
role in decreasing stomatal apertures. Initially, it was thought that this occurs through an 
osmotic effect but it is found that the sugar control of stomata opening is mediated through 
an interaction of hexokinase activity and ABA levels (Kelly et al., 2013). Especially in 
KQ228A, the intrinsic transpiration efficiency is likely to have increased in YCS leaves, 
mainly because of the more rapid stomatal closure rather than because of the rate of 
decline in photosynthesis. 
 
2.6 Conclusion 
Based on the results obtained in this study, we propose that the development of YCS 
symptoms in sugarcane was correlated with an accumulation of sucrose, glucose and 
fructose. The increase in sugars was already evident in Leaf 3 and older, whereas visible 
symptoms mostly occurred much lower in the canopy. The pattern of yellowing showed 
remarkable resemblance to that in maize mutants that are defective in sucrose loading of 
the phloem and phloem translocation of sugars in the minor veins. 
 
The accumulation of sucrose at the site of phloem loading in the minor veins probably 
created feedback inhibition on photosynthesis, partially disrupting electron transport and 
leading to enhance sucrose levels at the stomata. This would have resulted in partial 
stomatal closure, which further compromised photosynthetic efficiency and transpiration. 
This combination of reduced stomatal conductance and electron transport inefficiency 
would have made the crop particularly vulnerable to environmental stresses such as water 
and heat. In older leaves, where photosynthesis and metabolism was already reduced due 
to natural leaf senescence, these stress events would be enough to push the metabolism 
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over a threshold where the onset of photooxidation and the disruption of general 
metabolism trigger yellowing. 
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Yellow canopy syndrome (YCS) in sugarcane is associated with altered carbon 
partitioning in the leaf 
 
Based on publication 
Marquardt, A., Scalia, G., Wathen-Dunn, K., & Botha, F. C. (2017). Yellow Canopy 
Syndrome (YCS) in Sugarcane is Associated with Altered Carbon Partitioning in the Leaf. 
Sugar Tech, 19(6), 647-655. 
 
Contribution to authorship 
A. Marquardt contributed to design and concept of the publication, interpretation of data, 
writing and reviewing the manuscript, with Prof F. C. Botha. 
 
Details 
Chapter 3 sections taken directly from publication are the abstract, introduction, materials 
and methods, results (all figures), discussion and conclusions.  
 
This study was conducted by Sugar Research Australia with sample collection supervised 
by Dr P. Joyce. Metabolome data analyses were performed and interpreted by G. Scalia, 
A. Marquardt and Prof F. C. Botha. Transcriptome analysis was performed by K. Wathen-
Dunn. Overall data interpretation, writing and reviewing of the manuscript were carried out 
by A. Marquardt and Prof F. C. Botha. 
 
This chapter continues the investigation of yellow canopy syndrome (YCS) onset through 
the analysis of perturbed metabolic pathways. This follows from the findings of Chapter 2; 
Marquardt et al. (2016) of suppression of photosynthesis-related parameters (rate, internal 
CO2, stomatal conductance etc.) and distinct accumulation of sucrose and starch in the 
leaves, which were not limited to leaves displaying symptoms.
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3.1 Abstract  
Understanding the metabolic and gene expression changes that accompany the 
expression of Yellow canopy syndrome (YCS) in sugarcane is important as it could greatly 
assist in developing management strategies as well as in the identification of potential 
causal factors. Leaves representing two stages of development (Leaf 4 and 6) from YCS 
symptomatic and YCS asymptomatic plants, from two seasons, were analysed using gas 
chromatography linked to mass spectrometry. More than 200 metabolites were detected in 
the leaf samples and 84 of these could be identified. The results revealed intrinsic 
differences (P <0.05) between the metabolomes of the YCS symptomatic and 
asymptomatic plants. It was evident that significant metabolic changes occurred well 
before the development of leaf yellowing. The major metabolic changes were associated 
with sugar metabolism, the pentose phosphate cycle, and phenylpropanoid and α-
ketoglutarate metabolism. The diurnal changes of sucrose concentrations (low in the 
morning and high at the end of the day) are absent in the YCS symptomatic plants even 
before symptom expression. Comparing the leaf transcriptomes of the symptomatic and 
asymptomatic plants show that a complex network of changes in gene expression 
underpins the observed changes in the metabolome.   
 
3.2 Introduction 
During yellow canopy syndrome (YCS) onset, photosynthesis and stomatal conductance 
were lower in the yellowing leaves and leaves not yet showing any visible yellowing 
(Marquardt et al., 2016; Chapter 2). Sucrose levels are significantly higher in YCS 
symptomatic leaves which reflects some of the earliest changes induced during YCS 
expression. Changes in the electron transport of dark adapted leaves displaying YCS 
symptoms are characteristic of a disruption on both the electron acceptor and donor side 
of photosystem II (Marquardt et al., 2016; Chapter 2). 
  
It is well established that an accumulation of sugars and starch is associated with abiotic 
and biotic stress (Payyavula et al., 2013; Shahri et al., 2014; Tauzin and Giardina, 2014). 
Leaf yellowing can be induced by allowing for carbohydrate synthesis, while blocking the 
translocation of carbohydrates (Braun et al., 2006 and references therein). 
 
Sugars can alter the expression of genes involved in photosynthesis, carbon/nitrogen 
metabolism, stress responses, and secondary metabolism. In the Poaceae, starch and 
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anthocyanin can accumulate in the leaves when sugar concentrations are abnormally high 
(Thiagarajah et al., 1981; Rajcan et al., 1999). 
 
Soluble carbohydrates such as sucrose, glucose, and fructose are important as signalling 
and regulatory molecules in metabolic processes (Koch, 2004; Ma et al., 2011; Morkunas 
and Ratajczak, 2014).The levels of these sugars, especially sink tissues, could regulate 
the flux through metabolic pathways and determine sink strength (Koch, 2004; Ma et al., 
2011). In addition to the role of sugars in regulating plant growth, development and stress 
responses, there are strong indications emerging that it also plays a pivotal role in innate 
immunity (Shahri et al., 2014). 
 
Metabolite profiling is key for understanding the cellular responses to variations in 
biological conditions (Schauer, 2006). Metabolomic approaches have been used in many 
plant species to study the overall metabolic composition of regulatory networks in plants 
(Bundy et al., 2009; and references therein), and have generated new information on plant 
responses to abiotic, and biotic factors (Hu et al., 2014).  
 
The purpose of this study is two-fold: 1) to determine the extent of changes in the 
metabolome of the YCS symptomatic tissues, and 2) to determine the changes in gene 
expression associated with these metabolic changes. 
 
3.3 Materials and Methods 
Plant samples were collected from field grown Q200A in the Herbert district during the 
2014 and 2015 season. Conventional management practices for the region, including 
timely weed control and adequate nutrient applications were used. The leaf with the first 
visible dewlap is numbered one (Bonnett, 2013). Asymptomatic YCS-free stalks had clean 
green leaves and served as control samples. 
 
Leaf sampling 
In the 2014 season, leaf material was collected by punching 6 mm diameter leaf disks from 
the mid-leaf region of Leaf 4 and 6 during the early morning and late afternoon. In the 
2015 season, sampling was only done in the early morning (first light using where a 300 
mm leaf piece that was cut from the middle section of Leaf 4. The tissue was snap frozen 
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in liquid nitrogen and then stored at -80°C until required or lyophilised in a CHRIST ALPHA 
1-4 LSC plus freeze dryer. After lyophilisation, the sample was ground to a fine powder. 
 
Metabolites for GC-MS analyses 
Approximately 30 mg of homogenized leaf was added to 500 µl 100% (v/v) methanol in a 
cryomill tube containing internal standards (13C6-Sorbitol and 13C5-15N-ValineL), 2-
aminoanthracene (0.25 mg/mL) and pentafluorobenzoic acid (0.25 mg/mL)]. Samples were 
derivatised through trimethylsilylation for GC-MS analysis (Hill et al., 2013). 
   
RNA for sequencing 
RNA was extracted from 100 mg leaf tissue using the Qiagen RNeasy Plant Mini Kit using 
RLT buffer following the protocol supplied by the manufacturer. RNA quantity was checked 
with the NanoDrop 1000 spectrophotometer (ThermoFisher Scientific) for yields.  RNA 
quality was checked with 1.5% (m/v) TBE agarose gel containing 1% (v/v) SybrSafe 
(Invitrogen). Twenty 20 µg of RNA was used for transcriptome sequencing. 
 
GC-MS analysis 
Samples (1 μL) were injected in split less (lower and higher aliquots) into a GC-MS system 
comprised of a Gerstel 252 autosampler, a 7890A Agilent gas chromatograph and a 
5975C Agilent quadrupole MS (Agilent, Santa Clara, USA).). The GC was performed on a 
30 m VF-5MS column with 0.2 μm film thickness and a 10 m Integra guard column (J & W, 
Agilent). Both chromatograms and mass spectra were evaluated using either the Agilent 
MassHunter Workstation Software, Quantitative Analysis, Version B.05.00/Build 5.0.291.0 
for GC-MS. Mass spectra of eluting compounds were identified using the public domain 
mass spectra library of Max-Planck-Institute for Plant Physiology, Golm, Germany, and the 
Metabolomics Australia mass spectral library. Resulting relative response ratios (area of 
analyte divided by area of internal standard, 13C6-sorbitol) per sample FW (mg) for each 
analysed metabolite were calculated as described by Roessner et al. (2001). The data was 
also normalized in order to compare fold differences between groups. 
 
RNA-sequencing  
Ribosomal RNA-depleted total RNA was sequenced by LC Sciences (Tx, USA) on Illumina 
HiSeq 2000/2500. Samples were multiplexed 4 per lane, to give 8-14 times coverage. 
Between 50-116 million 2x100bp paired-end reads per sample were obtained. Reads were 
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trimmed for quality (Trimmomatic, Galaxy Tool v0.32.2)  and mapped against the SoGI 3.0 
sugarcane EST database (The Gene Index Databases, Dana-Farber Cancer Institute, 
Boston MA 02115 USA, URL: http://compbio.dfci.harvard.edu/tgi accessed 18/02/2016).  
Mapping rates varied between the samples from 20-58%, with an average of 43% of the 
reads mapping to the SoGI transcripts (Afgan et al., 2015). 
 
Statistical analyses 
Statistical analysis of the metabolite data was performed using MetaboAnalyst 3.0, 
http://Metabolanalyst.ca, (Xia et al., 2015). Fold change was calculated as the means 
ratios of each treatment compared with the asymptomatic tissues and T-tests with unequal 
variances, were performed to compare data obtained between experimental groups. The 
false-positive rate associated with multiple comparisons was calculated using the false 
discovery rate (FDR) or Bonferroni-corrected P values were also calculated. All tests with 
significance of P < 0.05 were considered in the analyses (Xia et al., 2015).   
Differential expression of RNA analysis was determined using the CLC Genomics 
Workbench v8.5 software (CLCBio, Aarhus, Denmark). The results were subjected to 
EDGE statistical analysis, then filtered to give only those transcripts with an FDR-corrected 
p-value ≤0.1. These transcripts were then sent through the Blast2GO Pro software 
(blast2go.com) for Gene Ontology (GO) annotation. 
 
3.4 Results 
Routinely we detected more than 200 metabolites in the leaf samples of which 84 could be 
identified. These metabolites were present in all samples and used to build a robust model 
using partial least squares-discriminant analysis (PLS-DA). Thirty of the identified 
metabolites varied significantly between the samples (P <0.05).  
  
The PLS-DA performed on Leaf 4 and 6 of the asymptomatic and symptomatic tissues 
revealed a clear differentiation between the morning and afternoon in the asymptomatic 
samples, and between the asymptomatic and symptomatic samples in the morning and 
afternoon (Fig.3.4.1). The PLS-DA analyses showed a clear separation in the metabolites 
of the leaf material from YCS symptomatic and asymptomatic plants in PC1 which 
accounted for 26.6% of the total variation. There was not a clear separation based on the 
metabolites in PC2 which accounted for 19.5 of the variance. Combined, these two 
components accounted for 46% of the variation between the samples. 
46 
 
 
 
Figure 3.4.1 PLS-DA score plot (component 1 vs Component 2) for comparing metabolites 
from yellow canopy syndrome (YCS) symptomatic and asymptomatic leaf tissue in the 
morning and late afternoon. The model was constructed from 84 identified metabolites 
generating a three-PLS-DA component model with R2 = 0.64 and Q2 = 0.25. Coloured 
ovals indicate 95% confidence regions. 
 
The 15 metabolites with the highest VIP scores (Fig.3.4.2A) included four sugars of 
sucrose-starch, three sugars flowing from the pentose phosphate pathway and metabolites 
associated with the shikimate and phenylpropanoid pathways. In the asymptomatic 
samples, sucrose levels were lowest in the morning and increased during the day in both 
Leaf 4 and 6 (Fig.3.4.2B). In contrast, sucrose levels were high throughout the day in the 
leaves from the YCS symptomatic plants. The two reducing sugars, glucose and fructose, 
followed the same pattern of change as sucrose (Fig.3.4.2C & D). Maltose levels were 
significantly higher in Leaf 6 of the YCS symptomatic plants than in the asymptomatic 
plants (Fig.3.4.2E). 
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Figure 3.4.2 VIP scores with the corresponding heat map of statistically significant 
metabolites from yellow canopy syndrome (YCS) symptomatic (4Y, 6Y) and asymptomatic 
(4C, 6C) leaf tissue in the morning and late afternoon (A). Green and red indicate 
decreased or increased metabolite levels. Relative abundance of sucrose (B), glucose (C), 
fructose (D) and maltose (E). 
 
None of the metabolites derived from the pentose phosphate cycle, or associated with the 
phenylpropanoid pathway, showed any significant changes between the morning and 
afternoon samples (Fig.3.4.3). All of these metabolites were upregulated in the leaves of 
YCS symptomatic plants. It is important to note that there was no visible yellowing in leaf 4 
from YCS symptomatic plants. These metabolites therefore represent early changes in the 
metabolism of leaves before symptom development. 
 
Based on these findings we thereafter only sampled leaf material early in the morning to 
provide the best separation of sugar metabolism without compromising the differences in 
the phenylpropanoid pathway and pentose phosphate cycle, between the YCS 
symptomatic and asymptomatic plants. 
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Figure 3.4.3 Relative changes in metabolites from yellow canopy syndrome (YCS) 
symptomatic (4Y, 6Y) and asymptomatic (4C, 6C) leaf tissue associated with the 
phenylpropanoid pathway (A-D), and the pentose phosphate cycle (E-F). Shikimate (A), 
caffeoyl quinate (B), coumaryl quinate (C), quinate (D), rhamnose (E), xylose (F), 
arabinose (G) and ribose (H). 
 
In order to establish which metabolic processes were influenced most during the 
development of YCS, the data over two seasons was used (Table 3.4.1). The metabolite 
levels for each stage of leaf development were normalised against the metabolite 
concentrations in the leaves of the asymptomatic plants. Thirty-three metabolites showed 
significant changes (P <0.05) between the leaves from symptomatic and asymptomatic 
plants (Table 3.4.1). Twenty-two of these metabolites showed a consistent association 
with YCS in the leaves with visible YCS symptoms (leaf 6). In contrast, only 8 metabolites 
were consistently altered in the younger leaf 4. These included GABA, sucrose, fructose, 
kestose, gentibiose, rhamnose, threonate and 5-CQA (Table 3.4.1). 
A B C D
E F G H
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Table 3.4.1 Changes in metabolites in yellow canopy syndrome (YCS) asymptomatic 
and symptomatic sugarcane leaves. Fold change in metabolite concentrations are 
expressed in relationship to the concentration. 
 
 
The data presented here suggests that four areas of metabolism were significantly altered 
during the development of YCS symptoms (Fig.3.4.4). The first cluster is around sucrose 
and starch metabolism (Fig.3.4.4A). A second cluster is presented by metabolites derived 
from UDP-glucose and glucose-6-phosphate and involves the pentose phosphate pathway 
(Fig.3.4.4B). The third component involves the phenylpropanoid pathway (Fig.3.4.4C) and 
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the fourth is metabolites derived from α-ketoglutarate (Fig3.4.4D). Many of these changes 
in metabolism occurred in leaf tissue that was asymptomatic, suggesting that they were 
early events that eventually lead to yellowing. The seven metabolites that were 
upregulated in leaf 4 represented all four of the clusters above. 
 
 
Figure 3.4.4 Mapping of the metabolites that change significantly (P 0.05) onto a simplified 
diagram of the metabolic network in the sugarcane leaf. Chemicals that were upregulated 
(red dots) in the yellow canopy syndrome (YCS) symptomatic plants and down regulated 
(green dots). Four clusters of metabolites can be distinguished (A-D). The open circles 
denote either chemicals that did not change significantly or included purely to complete the 
network diagram. 
 
To examine the response of the genome during the development of YCS symptoms, and 
to understand the metabolic networks architecture, the transcript expression results for 
both leaves 4 and 6 were pooled into a single analysis of YCS symptomatic versus 
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asymptomatic plants. The total reads mapped in these bulks were over 320 million for the 
asymptomatic, and over 405 million for the symptomatic samples. A total of 103 
differentially expressed genes (DEGs) at a P value of <0.1 were identified. The 
assignment of GO terms to these DEGs indicated that the major impacts were on the 
chloroplast, regulation of transcription, post transcriptional silencing, protein turnover, 
carbohydrate metabolism, primary metabolic processes and signal transduction pathways 
(Fig.3.4.5). 
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Figure 3.4.5 Functional characterisation and abundance of the sugarcane leaf 
transcriptome in yellow canopy syndrome (YCS) symptomatic and asymptomatic plants. 
The gene ontology (GO) groups are attributed to the significant differentially expressed 
transcripts (FDR-corrected P-value <0.1) Data from both leaf 4 and leaf 6 samples were 
combined and compared between the symptomatic and asymptomatic plants.  
 
3.5 Discussion 
Sucrose levels showed normal diurnal cycling in the leaves (Du et al., 2000) from YCS 
asymptomatic plants, and there were no significant differences between the two 
developmental stages (Leaf 4 and 6). This cyclic pattern is the result of sucrose production 
during daytime exceeding the ability of the leaves to export the sucrose out or to covert 
photosynthate to starch. Not only is there an increase in sucrose, but starch (transitory 
starch) levels also increase. The majority of enzymes responsible for starch synthesis and 
breakdown are more abundant in the bundle sheath (BS) chloroplasts than in the 
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mesophyll chloroplasts, and therefore most starch particles are in BS chloroplasts (for 
review see Weise et al., 2011). 
 
In C3 plants, large quantities of starch can accumulate in the leaves and the partitioning 
between starch and sucrose is tightly regulated by fructose 2,6‐bisphosphate (F26BP). 
Plants such as cereals and temperate grasses store carbon in their leaves primarily as 
sucrose rather than as starch. In these plants the role of F26BP is not clear (Trethewey 
and Smith, 2000). 
 
During the night, transitory starch is broken down to provide substrates for leaf respiration 
and sucrose synthesis, allowing sucrose export to continue without the presence of light. 
In this way, the transitory starch reserves in the leaf enable the plant to meet the daily 
challenge of surviving and growing through the night when photosynthesis is no longer 
possible. This process is tightly regulated (Martins et al., 2013). 
 
This diurnal pattern of change in sucrose levels was largely absent in the leaves of the 
YCS symptomatic plants, and sucrose levels in both developmental stages were higher 
than in the YCS asymptomatic leaves. The high sucrose levels also coincide with high 
starch levels (Marquardt et al., 2016; Chapter 2). The diurnal oscillation in sucrose and 
starch levels plays an important role in gene expression, which in turn impacts on growth 
and development of the plant (Lastdrager et al., 2014; and references therein). The 
elevated sucrose levels at the end of the dark period indicated that sucrose export from 
the source leaves to the sinks was compromised. Both genetic mutation, biotic and abiotic 
factors have been implicated in a disruption of sink sources relationships and sucrose 
accumulation (Koch, 2004; Slewinski et al., 2012; Rodziewicz et al., 2014; Macoy et al., 
2015). 
 
Starch synthesis is not restricted to the BS chloroplasts. In maize, starch accumulation 
occurs in the mesophyll cells in response to alterations in carbohydrate export (Slewinski 
et al., 2012 and references therein). This shows that the starch metabolic enzymes can be 
expressed in both cell types, but are differentially controlled in normal C4 leaf 
development. In all of these cases, sucrose and starch accumulation in the leaves led to 
stunted growth. 
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Although sucrose levels initially might have been elevated in the apoplast due to a failure 
in phloem loading or sucrose transport, the increases of many other sugars and 
metabolites suggested that sucrose levels were also high within the leaf cells. Exposure of 
the sucrose to both cell wall acid invertases and the cytosolic neutral invertase activities 
would at least in part explain the increased glucose and fructose concentrations in the 
YCS symptomatic plants.  
 
In many plants, leaf senescence is triggered by some critical level of uncommitted 
assimilate. There is growing evidence that sugars exert a regulatory influence over leaf 
senescence (Rolland et al., 2002; Wingler et al., 2012; Thomas, 2013). 
 
The stimulation, or inhibition, of plant growth, is strongly linked to the interaction between 
components of the sugar signalling pathways. These interactions are complex and involve 
a glucose sensor, the Target of Rapamycin (TOR) kinase pathway, the growth inhibitory 
function of the SNF1-related Protein Kinase1 (SnRK1), and the C/S1 bZIP transcription 
factor network (Smeekens et al., 2010 and references therein; Ma et al., 2011). The 
protein kinase SnRK1 pathway is known to interact with the senescence program and can 
act as a posttranslational inhibitor and an inducer of transcription with a subsequent wide-
ranging influence on development and environmental responses (for reviews see Thomas, 
2013; Wurzinger et al., 2018). 
 
The metabolic profiles of the leaves from YCS symptomatic tissue not yet showing visible 
yellowing indicated that early changes in metabolism induced by YCS include an induction 
of the phenylpropanoid pathway and a channelling of carbon from UDP glucose and 
glucose-6 phosphate towards ascorbate synthesis and the pentose phosphate cycle. 
Activation of the phenylpropanoid pathway plays a pivotal role in plant responses against 
biotic and abiotic stresses (for review see Macoy et al., 2015). Outputs from 
phenylpropanoid metabolism include classes of compounds such as the lignins and the 
flavonoids and anthocyanins (Gray et al., 2012). 
 
It is likely that early on during YCS symptom development, the presence of chlorophyll 
masks this increase in yellow and orange pigmentation. The fact that the sucrose levels 
were high in Leaf 4, where there were no symptoms yet, suggests that visible yellowing 
only occurs after prolonged periods of high sucrose levels. This could explain why the 
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tissue exhibited the bright orange/yellow colour; that it is only when the chlorophyll content 
begins to drop during symptom development.   
 
3.6 Conclusions 
Although the causal factors for YCS have not been identified, a much better understanding 
of the metabolic changes that underpin symptom development has emerged. Sucrose 
accumulation and a disruption in the diurnal sucrose/starch cycle occurred before 
symptom development. This could be the result of (i) a decrease in sink strength, (ii) 
disruption of sucrose transport in the phloem or (iii) a failure to load the phloem in the leaf. 
 
Elevated sugar levels alone can induce the phenylpropanoid pathway, ascorbate synthesis 
and changes in gene expression as observed in this study. 
 
The sucrose accumulation coincided with an uncoupling of the electron transport system 
and decreased photosynthesis (Marquardt et al., 2016; Chapter 2). It is tempting to 
speculate that the high sucrose and reducing sugar levels in the leaves initiated this 
response, by uncoupling of the electron transport system, which in turn lead to photo-
oxidation, and the production of reactive oxygen species (ROS). 
 
When elevated sucrose levels are combined with ROS production, as is the case during 
pathogen attack, its effect is even stronger (Morkunas and Ratajczak, 2014).  
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Omics analyses of metabolism in yellow canopy syndrome (YCS)-affected 
sugarcane leaves 
 
Details 
This study was conducted by Sugar Research Australia with sample collection performed 
by A. Marquardt, Prof F. C. Botha, G. Scalia, K. Wathen-Dunn, R. Shafiei and Dr K. 
Hamonts. Sample processing was performed by A. Marquardt, with assistance by G. 
Scalia, K. Wathen-Dunn and Dr K. Hamonts. Concept, design, data analysis, data 
interpretation, writing and reviewing of the chapter was carried out by A. Marquardt and 
candidate’s PhD advisors Prof R. J. Henry and Prof F. C. Botha. 
 
This study begins with the knowledge that there were significant metabolic shifts and gene 
expression changes underpinning YCS onset (Chapters 2 and 3).  
 
This chapter introduces omics datasets of yellow canopy syndrome (YCS)-affected Q240A 
leaf number 6, through isolation of early- and late-stage yellowing lamina. The previous 
studies investigated sugarcane varieties KQ228A and Q200A, of leaf numbers 4 and 6 
(Chapter 2 & 3). The investigation undertaken in this chapter aims to build knowledge of 
biochemical changes eluded to in Chapter 3, which underpin YCS onset.  
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4.1 Abstract 
Omics analyses allow for investigation of cellular regulation taking place during the 
physiological condition of yellow canopy syndrome (YCS) in sugarcane. This can provide 
valuable information in developing management strategies for the condition. Leaf samples 
of early-stage (ES; pre-symptomatic) and late-stage (LS; post-symptomatic) YCS-affected 
lamina, and midrib and dewlap samples were analysed across metabolome, proteome and 
transcriptome. The results show substantial differences in all YCS-affected tissues 
compared to controls in all the omics datasets. The midrib had the greatest accumulation 
of sugars, followed by LS lamina. Amino acid accumulation, particularly of asparagine, was 
evident in midrib and dewlap tissues. Organic acid content decreased across all YCS-
affected tissues. Sucrose, glucose, fructose and other sugars were elevated in the leaves 
of YCS symptomatic plants. Proteins of the photosynthetic electron transport chain - PSII 
D1, ATP synthase and oxygen-evolving complex enhancer - decreased significantly during 
YCS symptom development. Gene Ontology categorisation of differential transcript 
expression common to all tissues sampled showed the greatest number of genes affected 
were in the chloroplast, and in nucleobase-containing compounds, as well as carbohydrate 
and protein metabolism. Notably, a greater number of genes associated with 
photosynthesis were downregulated rather than upregulated. Further, five genes 
represented 90% of the gene expression (as Transcripts Per Million; TPM) associated with 
the downregulation of transcription during YCS-onset. These included PSII D1 and PSI 
reaction centre-encoding genes. The largest impact of YCS symptom development in 
transcript abundance and protein content was in the midrib and lamina tissue. The data 
suggests the main area of YCS impact on metabolism is photosynthetic process, and is 
consistent with a feedback regulation of photosynthesis by sucrose accumulation. 
 
4.2 Introduction 
YCS-affected plants have decreased photosynthetic rate, decreased internal leaf CO2 (Ci), 
decreased stomatal conductance, and display an uncoupling of the photosynthetic electron 
transport chain in symptomatic and asymptomatic leaves (Marquardt et al., 2016; Chapter 
2). The main pathways stimulated are sugar metabolism, the pentose phosphate cycle, 
and phenylpropanoid and α-ketoglutarate metabolism (Marquardt et al., 2017; Chapter 3). 
Furthermore, RNA-seq transcriptome-wide analysis has shown major changes in gene 
expression in YCS leaves which underpin those seen in the metabolome. 
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The first change in metabolism associated with YCS is observed to be accumulation of 
sucrose in the leaf lamina (Marquardt et al., 2016; Chapter 2). This, as well as associated 
physiological and metabolic effects, occur in younger, asymptomatic leaves (higher in the 
canopy), as well as in more mature symptomatic leaves. 
 
Currently only the lamina of the leaf has been studied in YCS-affected plants. Hence, it is 
not known whether the lamina represents the primary site of sucrose accumulation during 
YCS onset or whether effects are present in the midrib or the dewlap of the leaf (dewlap 
represents the connection tissue between leaf lamina/midrib and leaf sheath). Further, it is 
not known whether metabolic changes occur in tissues other than leaf lamina, regardless 
of whether sugar accumulation is present. 
 
Omics data (metabolome, transcriptome, proteome, fluxome, phenome, 
phosphoproteomics etc.) represents the forefront of research methodology to investigate 
changes in metabolism during stress (examples include Iyer et al., 2013; Garg et al., 2015; 
Cao et al., 2017; Xu et al., 2017). 
 
Recent improvements in the areas of transcriptomics and proteomics, in particular, 
(Ashwin et al., 2017), have seen these become common research techniques. However, 
both technologies are reliant on good quality reference libraries to identify and later 
quantify any changes in gene expression or protein abundance in experiment tissues. 
Whereas gene expression provides information on which processes the cell is actively 
regulating from a transcription/mRNA degradation perspective, protein levels depict 
changes that are potentially actively contributing to metabolism changes. 
 
Metabolite levels and the activity of enzymes are not always linked to transcript or protein 
levels (Junker et al., 2007; Stitt and Gibon, 2014).Transcriptional, post-transcriptional, 
translational and post-translational regulation, combined with active state and actual 
activity of proteins, further coupled to subcellular and cellular metabolite 
compartmentalisation, all contribute complexity to interpreting metabolic regulation that 
occurs at different levels in a plant under different conditions. Therefore, most powerful 
analytical approach is the integration of multiple omics datasets for understanding changes 
in metabolic systems during stress. 
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YCS is a condition that causes changes to leaf metabolism through sucrose accumulation 
(Marquardt et al., 2016; Chapter 2; Marquardt et al., 2017; Chapter 3). Traditional 
methods, including physiological, pathological, soil and plant nutrient testing, have not led 
to an understanding of how this takes place. A deeper approach is required to understand 
the changes that underpin the symptoms which ultimately lead to yield loss. Characterising 
the earliest changes to metabolism during this stress and identifying the cellular processes 
in which these occur, will help to understand how YCS leads to the observed 
photosynthetic and metabolic impacts, and may also aid in narrowing down potential 
causal factors. Such knowledge may additionally aid in identifying areas in which future 
variety improvement can occur to improve sugarcane stress tolerance. 
 
In the present study, sugarcane leaves displaying YCS symptoms were analysed using 
three omics datasets: the metabolome, proteome and transcriptome. The protein database 
for proteomics was generated using a combination of available Saccharum spp., sorghum 
(Sorghum bicolor) and maize (Zea mays) databases with IDA and SWATH quantification 
(Wu et al., 2016). Transcriptome data was generated from total RNA-seq using a 
sugarcane PacBio reference transcriptome described by Hoang et al. (2017). 
 
We aimed to determine whether a biochemical effect of YCS-onset is present across each 
of the different sample types of asymptomatic lamina, symptomatic lamina, midrib and 
dewlap tissues. Particularly, in which tissue the greatest sucrose accumulation takes 
place. Further, if consistent biochemical changes are present across the leaf tissues, 1) 
which tissue shows the greatest impact, and 2) which cell parts and metabolic processes 
are most affected This will aid is narrowing down areas on which to focus to understand 
YCS onset. 
 
4.3 Methods 
Plant material and sample collection 
Sugarcane plant samples were collected from a 1st ratoon field grown Saccharum spp. 
hybrids var. Q240A under conventional management practices for the region. Due to 
inability to induce YCS symptoms in field or under controlled conditions, non-stressed 
(control) and YCS-symptomatic samples were collected in one session where when both 
symptomatic and non-symptomatic (control) plants were able to be found within the same 
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field (19°39'40.2"S 147°27'60.0"E in the Burdekin region of Queensland, Australia in 
February 2016). 
 
Control samples were collected from asymptomatic plants separated by more than 40 m 
from symptomatic plants. These were verified as control samples by checking for sugar 
accumulation through enzymatic methods, where sugar accumulation in the lamina is a 
characteristic of YCS (Marquardt et al., 2016). These samples where rationalised to be 
“true” controls as the definition of YCS onset is a characteristic yellowing of mid canopy 
leaves due to sugar accumulation (Marquardt et al., 2016). 
 
On the plant, leaves were numbered from the top where the first visible dewlap 
represented leaf 1, as described by (Bonnett, 2013). Leaves were numbered sequentially 
below (2, 3, etc). Samples were taken between 8-10am from leaf 6 of 21 YCS-
symptomatic and 21 asymptomatic (control) culms from separate stools. 
 
Leaf sample processing 
YCS-symptomatic and control leaves were cut from the culm and snap frozen in liquid 
nitrogen and kept at -80°C during processing on dry ice. In order to determine early 
changes taking place during YCS development, YCS-symptomatic leaves with sections of 
lamina without symptoms (ES; early-stage YCS (green in colour)) and sections of lamina 
with symptoms (LS; late-stage YCS (yellow in colour)) were collected from the same YCS-
symptomatic leaf. This allowed the separation of early and late changes. It is known from 
previous work that once a portion of lamina on a leaf displays YCS symptoms, the 
remaining asymptomatic lamina will eventually become symptomatic. Early changes (ES 
tissue) were therefore representative of the initial effects of YCS onset, without dilution of 
downstream cascade-effects associated with leaf yellowing (LS tissue). 
 
ES and LS leaf lamina samples were collected from the middle third of the same leaf, 
where ES and LS sections were determined by visual assessment of lamina colour (green: 
ES, yellow: LS), and characterised by relative chlorophyll content reading of section by 
SPAD-502 meter (Minolta CO, LTD, Japan) where average control reading was >45, ES 
reading between 25-40, and LS reading between 10-25. The midrib samples were 
collected from the same leaf as both ES and LS lamina samples, also from the middle third 
of the leaf. Dewlap (Artschwager, 1951) samples were also taken from the same leaf at 
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the base between lamina and sheath. Samples were ground to a fine powder in cryovials 
(Spex SamplePrep 50mL PC, Metuchen, NJ, USA) with sterile sand and stainless steel 
ball bearings in a homogeniser (Spex SamplePrep 2010 Geno/Grinder, Metuchen, NJ, 
USA) at 1450RPM. 
 
The powder from four leaves was bulked to create one replicate for four of the five 
replicates, and the fifth created from five bulked leaves (five replicates for each sample 
type, using a total of 21 leaves). 
 
For each replicate, 100mg powder was used for RNA extraction for RNA-sequencing. The 
remaining powder was lyophilised using a freeze dryer (CHRIST ALPHA 1-4 LSC plus, 
Martin Christ Gefriertrocknungsanlagen GmbH, Germany). From this, 30 mg lyophilised 
powder was used for metabolome analysis. 
 
GC-MS analyses of metabolites 
The protocol followed was as described in Chapter 3 and Marquardt et al. (2017). 
Approximately 30 mg of homogenised leaf was added to 500µL 100% (v/v) methanol in a 
cryomill tube containinginternal standards (13C6-Sorbitol and 13C5-15N-ValineL), 2-
aminoanthracene (0.25 mg/mL) and pentafluorobenzoic acid (0.25 mg/mL). Samples were 
derivatised through trimethylsilylation for GC–MS analysis (Hill et al., 2013). 
 
Enzymatic assay determination of sucrose content 
Sucrose content was determined using the standard enzymatic method (Bergmeyer and 
Bernt, 1974). Absorbance was measured using a 96-well BMG Labtech FLUOstar Omega 
plate reader (BMG Labtech, Offenburg, Germany). 
 
RNA isolation, sequencing & data processing 
Total RNA was isolated from 100mg of each sample using a Spectrum™ Total Plant RNA 
kit (Sigma-Aldrich) according to the manufacturer’s instructions, except for the addition of 
2.5% (w/v) PVP-40 (polyvinylpyrrolidone (mw 40,000; Sigma-Aldrich)) in the lysis solution. 
RNA yield and quality were assessed using a spectrophotometer (ND-1000 
Spectrophotometer, NanoDrop Technologies, Wilmington, DE, USA) and by agarose gel 
electrophoresis. 
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Samples were sequenced using an Illumina HiSeq2500 platform with TruSeq strand-
specific chemistry to create 125bp sequence read length paired-end reads. Sequencing 
yielded 60-100 million reads per sample. Reads were trimmed using Trimmomatic v0.36 
(Bolger et al., 2014). Quality was checked before and after trimming with FastQC v0.11.5 
(Babraham Institute, bioinformatics.babraham.ac.uk/projects/fastqc/). Paired-end reads 
were imported into CLC Genomics Workbench version 11.01 (QIAGEN, Aarhus, Denmark) 
and mapped to the sugarcane PacBio sugarcane transcriptome library described in Hoang 
et al. (2017), with length fraction of 0.9 and similarity fraction of 0.9. 
 
Differential expression was determined by means of the Differential Expression tool for 
RNA-seq in CLC Genomics Workbench for YCS-affected leaf samples against the 
respective tissue type control. Significant differential expression was determined as false 
discovery rate (FDR)-corrected P-value <0.001 from the control. 
 
Availability of RNA-seq data 
Raw sequence reads generated from sugarcane leaf material in this study were deposited 
at National Center for Biotechnology Information (NCBI) Sequence Reads Archive under 
the BioProject PRJNA474042. 
 
Protein extraction, identification and data processing 
Similar to the method described by Wu et al. (2016), samples were washed with 10% TCA 
containing 0.07% DTT in acetone and homogenised in 50 mM HEPES in 2% SDS buffer 
(w/v). The supernatant was removed and buffer exchanged with 100 mM TEAB using 
5KDa molecular weight cut-off filter (VIVASPIN 6, 5 kDa spin filter, Product #VS0612, 
Sartorius Stedim). The protein concentration was determined by Direct Detect® (Sigma-
Aldrich). 100 μg of sample was taken for digestion and analysis. 1D and 2D IDA nanoLC 
(Ultra nanoLC system, Eksigent) ESI MS/MS data were acquired for each control, ES and 
LS lamina sample. 2D IDA nanoLC ESI MS/MS data were acquired for lamina samples 
collectively (including senescent and water-stressed leaf tissues not used in this study). 
 
After sample fractionation and peptide elution, the reverse phase nanoLC eluent was 
subjected to positive ion nanoflow electrospray analysis in an information dependant 
acquisition mode (IDA). In the IDA mode a TOFMS survey scan was acquired (m/z 350 - 
1500, 0.25 second), with the ten most intense multiply charged ions (1+ - 5+; counts >150) 
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in the survey scan sequentially subjected to MS/MS analysis. MS/MS spectra were 
accumulated for 50 milliseconds in the mass range m/z 100 – 1500 with rolling collision 
energy.  
 
Again after sample fractionation and peptide elution, the reverse phase nanoLC eluent 
was subject to positive ion nanoflow electrospray analysis in a data independent 
acquisition mode (SWATH). In SWATH mode, a TOFMS survey scan was acquired (m/z 
350-1500, 0.05 sec) then the 60 predefined m/z ranges were sequentially subjected to 
MS/MS analysis. MS/MS spectra were accumulated for 60 milliseconds in the mass range 
m/z 350-1500 with rolling collision energy optimised for lowed m/z in m/z window +10%. 
To minimize instrument condition caused bias, SWATH data were acquired in random 
order for the samples with one blank run between every sample injection.  
 
Proteome data processing 
The IDA LC-MS/MS data were searched using ProteinPilot v5 (Sciex) in thorough mode. 
The database used was down loaded from NCBI containing plants, bacteria and virus with 
duplication removed (December, 2017). The database contained 444479 protein entries. A 
library was constructed by merging all of the IDA search results. SWATH data were 
extracted using PeakView v2.1 (Sciex) with the following parameters. Top 6 most intense 
fragments of each peptide were extracted from the SWATH data sets (75 ppm mass 
tolerance, 10 min retention time window). Shared and modified peptides were excluded. 
After data processing, peptides with confidence ≥ 99% and FDR ≤ 1% (based on 
chromatographic feature after fragment extraction) were used for quantitation.  
 
Protein differential abundance was determined using unnormalised protein quantification 
values as input for package DESeq2 v1.18.1 (Love et al., 2014) in RStudio v1.1.414 
(RStudio, Inc, Boston, MA, USA). DESeq2 differential abundance analysis was used for 
control v YCS-affected lamina protein sample comparison in order to factor in fold-change 
bias generated through decreased protein concentration presence in YCS-affected lamina 
compared to control lamina samples. 
 
Partial least squares discriminant analysis 
Partial least squares discriminant analyses (PLS-DA) were performed using R version 
3.3.2 with mixOmics R package v6.1.1 (LeCao et al., 2016). Relative log normalised 
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response values of 107 metabolites were used for metabolome, normalised area data of 
1,820 proteins for midrib and dewlap, and 3,503 proteins for lamina samples were used for 
proteome, and TPM values for 107,598 contigs were used for transcriptome analyses.  
 
4.4 Results 
After collection, samples were checked for the typical YCS-symptom of high sucrose 
content through an enzyme assay. This was performed on the same leaf powder used for 
metabolite analysis, RNA extraction for RNA-seq and protein extraction for proteome 
analyses. 
 
The sucrose concentration in the leaf dewlap of control and YCS-expressing samples that 
were enzymatically-determined are shown in Table 4.4.1. During YCS-expression, there 
was a 4.4-fold increase in sucrose in the dewlap, a 12.3-fold increase in the midrib, a 2.8-
fold increase in ES lamina and a 5.5-fold increase in LS lamina. It was noted that the 
sucrose value for control leaf lamina value was 2-fold greater than that reported in the 
literature (the water content of control leaves was 73% (m/m)). 
 
Table 4.4.1 Sucrose concentration in leaf tissues sampled 
Leaf tissue Sample type 
Sucrose 
(µmol g-1 DW) 
LAMINA 
Control 34 ±2.0 
YCS early-stage (ES) 96 ±16.6 
YCS late-stage (LS) 187 ±14.1 
MIDRIB 
Control 32 ±2.4 
YCS 394 ±30.0 
DEWLAP 
Control 70 ±4.8 
YCS 311 ±22.5 
  
Relative sucrose value from metabolome data was compared to that of enzymatic 
quantification. Similarly the fold-change was greatest in YCS-affected midrib, followed by 
LS lamina, ES lamina and dewlap (Table 4.4.2). 
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Omics overview 
The different omics data were generated from the same homogenous mix of leaf sample 
tissue. The metabolome contained data for 107 metabolites, the proteome contained 1,820 
relative values in dewlap and midrib, and 3,503 in lamina samples, transcriptome had 
expression values for up to 95 thousand genes. In order to view whether the data showed 
separation between control and YCS samples in the tissue types, a partial least squares-
discriminate analysis (PLS-DA) was performed (Fig.4.4.1). 
 
Across metabolome, proteome and transcriptome data, YCS-affected leaf tissues 
separated from their respective controls (Fig.4.4.1). The omics dataset with the strongest 
separation was the transcriptome, with component 1 representing 42-49% of the variability 
of the data. The metabolome followed with 44% variation in dewlap and midrib samples, 
and 40% in lamina samples contained within component 1. The proteome was relatively 
the most similar between samples, with component 1 explaining 29% of the total variability 
in dewlap and midrib analysis, and also 29% in the lamina analysis. 
 
Each dataset was subsequently analysed separately with emphasis on the transcriptome 
dataset due to greatest separation of sample types out of transcriptome and proteome.
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Figure 4.4.1 Partial least squares-discriminant analysis (PLS-DA) of omics datasets , 
metabolome of 107 metabolites (A & B), proteome of 1,820 proteins in midrib and dewlap 
(C) and 3,503 in lamina (D), and transcriptome of 107,598 genes (E-F) data between 
control and yellow canopy syndrome (YCS)-affected sugarcane leaf tissues. Ellipses 
represent 95% confidence interval.
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 Metabolome 
The metabolome data contained relative values of 107 metabolites, of which 77 were 
identified. Metabolites were classed as belonging to one of four categories: amino acids 
and amines (21 in total), organic acids (31), sugar, and sugar alcohol and sugar 
phosphates (25). 
 
Across tissue types, 57.9% of the metabolites in the metabolome (total 107) changed from 
control levels in the dewlap in YCS-affected leaves, 73.8% in the midrib, 49.5% in ES 
lamina and 63.6% in LS lamina.  
 
 
Figure 4.4.2 Metabolites in yellow canopy syndrome (YCS)-affected dewlap, midrib, and 
lamina early-stage (ES) and lamina late-stage (LS) leaf tissues , with those with differential 
abundance compared to control leaf tissues represented as size of red portions (increased 
level from control) and blue portions (decreased level from control) of bars. Significance of 
metabolite fold-change determined as P-value <0.05. 
 
In the category of amino acids and amines, the majority of those with differential 
abundance during YCS onset showed an increase in YCS-symptomatic leaves, particularly 
in the dewlap and midrib (Fig.4.4.2). In contrast, organic acids were had more numbers 
decreased in YCS expressing tissue. The sugar, sugar alcohol and sugar phosphates 
metabolite group had the largest number of YCS-influenced metabolites in the midrib and 
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LS lamina. As YCS symptoms progressed in the lamina, a greater number of metabolites 
showed changes, particularly in the sugar, sugar alcohol and sugar phosphates category. 
 
In order to determine if there were metabolites similarly affected by YCS onset across the 
leaf tissues, a Venn diagram was created with those metabolites significantly increased, 
and decreased compared to control tissue (P <0.05; Fig.4.4.3). 
 
  
Figure 4.4.3 Venn diagrams of number of metabolites with level changes during yellow 
canopy syndrome (YCS)-expression compared to control, in four different sugarcane leaf 
tissue types; dewlap, midrib, early-stage stress (ES) and late-stage stress (LS) lamina. 
Venn of metabolites with increased level compared to control (A), decreased level 
compared to controls (B). Changes determined as P <0.05. 
 
Across the tissue types, five metabolites were consistently upregulated in YCS-
symptomatic leaves (Fig.4.4.3A), these were 1-kestose, quinate, sucrose, trehalose and 
tyrosine. In addition, 4-aminobutyric acid (GABA) and fructose were upregulated in midrib 
and lamina (excluding dewlap). Consistently downregulated across tissues of YCS-
symptomatic leaves were ten metabolites (Fig.4.4.3B); 4-hydroxy cinnamate, erythronate, 
galactinol, glycerate, fumarate, malate, myo-inositol, rhamnose, succinate, and threonate. 
Further of interest was a distinct rise in asparagine and glutamine in midrib and dewlap 
tissues. Fold-change and significance values can be found in Table 4.4.2. 
 
A   B   
Increased Decreased 
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Table 4.4.2 Fold-change in metabolite levels between dewlap, midrib, early-stage 
(ES; green) lamina, and late-stage (LS; yellow) lamina of yellow canopy syndrome 
(YCS)-affected sugarcane leaves compared to control tissues. 
Category Metabolite 
YCS-affected leaf tissue 
Dewlap Midrib 
Lamina 
Early-stage (ES) Late-stage (LS) 
Amino acids and amines 
    
 
4-amino-butyric acid (GABA) 1.07 ± 0.23 18.51 ± 0.17** 2.83 ± 0.17* 9.22 ± 0.18** 
asparagine  181.15 ± 0.42** 181.26 ± 0.3** 2.08 ± 0.34 24.87 ± 0.79 
glutamine 12.11 ± 0.27** 19.94 ± 0.18* 2.06 ± 0.38 7.47 ± 0.28** 
tyrosine 6.18 ± 0.27* 19.86 ± 0.26* 2.53 ± 0.22* 4.04 ± 0.17** 
Organic acids     
 
4-hydroxycinnamate -1.41 ±0.08* -1.67 ±0.06** -1.18 ±0.06* -1.15 ±0.02* 
erythronate  -1.82 ± 0.06** -4.17 ± 0.09** -1.72 ± 0.08* -1.56 ± 0.07* 
fumarate -1.89 ± 0.04** -2.00 ± 0.04** -2.17 ± 0.12** -1.61 ± 0.05* 
glycerate -1.89 ± 0.1* -3.85 ± 0.16** -1.52 ± 0.07* -2.08 ± 0.11** 
malate -3.45 ± 0.13** -5.26 ± 0.12** -3.85 ± 0.17** -3.13 ± 0.14** 
quinate 1.73 ±0.12* 4.27 ±0.14** 1.37 ±0.07* 3.17 ±0.07** 
succinate -1.63 ±0.02** -2.45 ±0.09** -1.72 ±0.04** -1.28 ±0.04* 
threonate -1.55 ±0.08* -1.77 ±0.07* -1.46 ±0.04* -2.31 ±0.06** 
Sugar, sugar alcohol and sugar phosphates 
    
 
1-kestose  2.54 ± 0.07** 6.16 ± 0.13** 5.48 ± 0.08** 14.51 ± 0.16** 
fructose 1.3 ± 0.11 5.04 ± 0.17** 8.38 ± 0.12** 15.03 ± 0.13** 
galactinol  -2.92 ± 0.15** -3.39 ± 0.08** -1.58 ± 0.06* -11.90 ± 0.15** 
glucose 1.31 ± 0.18 1.85 ± 0.17 10.72 ± 0.13** 8.99 ± 0.12** 
myo-inositol -1.62 ±0.03** -2.67 ±0.08** -1.44 ±0.05** -3.68 ±0.08** 
rhamnose -1.20 ±0.03* -2.23 ±0.07** -1.21 ±0.07* -3.01 ±0.12** 
sucrose   1.23 ± 0.01** 2.03 ± 0.09** 1.38 ± 0.05** 1.9 ± 0.01** 
trehalose  2.07 ± 0.08* 7.51 ± 0.05** 2 ± 0.09* 5.33 ± 0.11** 
*  T-test value below P <0.05  but not below the Bonferroni-corrected P value 
** T-test value below P <0.05/number of metabolites  (Bonferroni-corrected P value) 
 
Proteome 
The proteome dataset had a total of 2,529 unique identified proteins matching to the NCBI 
protein database containing plants, bacteria and virus with duplication removed. Of these, 
1,078 proteins were identified in the dewlap and midrib samples (1,820 including duplicate 
blast matches), and 2,225 in the leaf tissues (3,503 including duplicate blast matches). 
There were 833 (non-duplicate) proteins present in both dewlap/midrib and leaf datasets. 
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Protein abundance between all four YCS-symptomatic leaf tissue samples and their 
respective controls showed significant changes (Fig.4.4.4). 
  
 
Figure 4.4.4 Number of identified proteins in yellow canopy syndrome (YCS)-affected leaf 
tissue in dewlap, midrib, lamina early-stage (ES) and lamina late-stage (LS). Blue end 
indicates number of proteins with decreased level, red end indicates number with 
increased level, and grey indicates number with no level change compared to controls. 
Differential abundance (level change) defined as false discovery rate (FDR)-corrected P-
value <0.05. 
 
In order to determine whether protein level changes were consistent between dewlap, 
midrib, ES and LS lamina, Venn diagrams of increased and decreased level proteins was 
generated (Fig.4.4.5). 
 
There were greater numbers of proteins that changed abundance individually in each 
tissue type, rather than commonly in all (Fig.4.4.5A & B). This may be indicative of 
different reactions to YCS onset in the different tissue types. There was awareness that 
separate database generation between dewlap and midrib samples, and lamina samples, 
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could limit common protein identifiers between all sample types (between the two 
databases (dewlap/midrib and lamina, only 833 proteins were common to both). However 
based on investigating the proteins uniquely differentially abundant in each tissue type, 
this was determined not to influence the interpretation of the data significantly. 
 
For the purpose of determining early onset protein abundance changes that were 
consistent across early- and late-stages, proteins with abundance changes common 
across tissue types were compared. 
 
 
Figure 4.4.5 Venn diagram of the number of proteins with greater (A) or lesser (B) 
abundance in yellow canopy syndrome (YCS)-affected sugarcane leaf tissue of dewlap, 
midrib, lamina early-stage stress (ES) and late-stage stress (LS) compared to controls. 
Differential abundance based on false discovery rate (FDR)-corrected P-value <0.05. 
 
Twenty-seven proteins were consistently greater in abundance in YCS leaf tissues of ES, 
LS and midrib (Fig.4.4.5A). None were greater consistently across tissues when including 
the dewlap. Fold change values shown in Table 4.4.3. 
 
A  B   
Greater abundance Lesser abundance 
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Table 4.4.3 Proteins with greater abundance in yellow canopy syndrome (YCS)-affected midrib, early-stage (ES) lamina and late-
stage (LS) lamina compared to controls including fold-change values. 
      Fold-change in YCS from control 
   
Dewlap Midrib 
Lamina 
Protein ID Description UniProt ID Early-stage (ES) Late-stage (LS) 
              
gi|992164249 1,4-alpha-glucan-branching enzyme 2, chloroplastic/amyloplastic A0A1B6PKM8 1.11 3.57** 5.85** 6.99** 
gi|992171092 3-ketoacyl-CoA thiolase 2, peroxisomal-like A0A194YT53 1.44 3.91** 2.12** 4.03** 
gi|992171093 3-ketoacyl-CoA thiolase 2, peroxisomal-like A0A194YT53 1.41 3.9** 2.4** 5.28** 
gi|992161298 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 1 A0A1B6PEC9 -1.74 2.78** 1.82** 2.17** 
gi|992155012 6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44) A0A194YGQ1 1.25 1.69** 1.48** 1.81** 
gi|992167010 adenosylhomocysteinase (EC 3.3.1.1) A0A1B6PRP0 1.49 2.25** 1.99** 2.71** 
gi|992273402 aspartate aminotransferase (EC 2.6.1.1) A0A1B6Q673 -1.59 11.06** 2.79** 3.25** 
gi|115278526 ATP synthase subunit alpha Q09EM2 -1.06 1.56** 2.39** 2.74** 
gi|944239857 ATP synthase subunit beta (EC 3.6.3.14) A0A1B6Q5E4 1.21 1.55** 1.93** 2.13** 
gi|992159232 ATP synthase subunit beta (EC 3.6.3.14) A0A1B6PA06 1.24 1.59** 1.86** 2.19** 
gi|992273102 ATP synthase subunit beta (EC 3.6.3.14) A0A1B6Q5E4 1.26 1.67** 1.87** 2.2** 
gi|413934135 cell division control protein 48 homolog E isoform X2 C5X0G5 -1.37 1.95** 2** 3.13** 
gi|241919696 cell division cycle protein 48 homolog C5WXV4 -1.14 2.17** 3.88** 4.01** 
gi|241931659 citrate synthase C5XYK7 1.87 2.64** 2.19** 4.18** 
gi|414878983 dynamin-related protein 3B C5XGA4 -1.09 2.36** 2.25** 3.87** 
gi|226494664 fructose-bisphosphate aldolase (EC 4.1.2.13) C5Y5Q8 1.55 4.45** 3.3** 5.88** 
gi|241936226 fructose-bisphosphate aldolase (EC 4.1.2.13) C5Y5Q8 1.83 3.79** 2.06** 3.01** 
gi|890782319 fructose-bisphosphate aldolase (EC 4.1.2.13) C5XFH6 1.46 2.22** 1.82** 2.4** 
gi|162462282 fructose-bisphosphate aldolase, cytoplasmic isozyme (EC 4.1.2.13) C5XFH6 1.44 2.21** 1.99** 2.28** 
gi|992162450 ADP-glucose pyrophosphorylase (EC 2.7.7.27) A5Y409 1.5 3.16** 2.65** 5.03** 
gi|241918221 heat shock 70 kDa protein, mitochondrial C5WVD3 1.35 2.34** 1.71** 2.74** 
gi|840085597 heat shock protein 81-2 C5X3T9 -2.31 1.79** 1.72** 1.94** 
gi|992276617 monodehydroascorbate reductase A0A1B6QB11 1.31 2.06** 3.32** 4.57** 
gi|162459902 PDI-like protein C5WWQ2 1.36 2.03** 4.3** 6.03** 
gi|3341490 phosphoenolpyruvate carboxylase C5X951 1.34 2.9** 1.81** 2.36** 
gi|241921563 probable nucleoredoxin 1-1 C5WWQ2 1.36 2.04** 4.19** 6.55** 
gi|944239162 Serine hydroxymethyltransferase (EC 2.1.2.1) C5Y297 1.43 2.47** 2.98** 4.61** 
gi|944239162 Serine hydroxymethyltransferase (EC 2.1.2.1) C5Y297 1.43 2.47** 2.98** 4.61** 
** Differential abundance at significance value of false discovery rate (FDR)-corrected P-value <0.01. 
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Five proteins were consistently decreased in abundance across all dewlap, midrib, YCS 
ES and LS leaf lamina (Fig.4.4.5B), these are listed in Table 4.4.4. The midrib and LS 
lamina showed the greatest protein level decrease (fold-change) of these five proteins, 
except for the “ATP synthase B chain, chloroplastic” protein, which was most decreased 
compared to control levels in the dewlap tissue (Table 4.4.4). 
 
Table 4.4.4 Proteins with lower abundance in yellow canopy syndrome (YCS)-
affected dewlap, midrib, early-stage (ES) lamina and late-stage (LS) lamina 
compared to controls including fold changes. 
  
Protein ID 
  
Description 
 
UniProt ID 
Fold-change in YCS from control 
Dewlap Midrib 
Lamina 
Early-stage (ES) Late-stage (LS) 
              
gi|195628120 ATP synthase B chain, 
chloroplastic 
C5WPC6 -36.13** -7.1** -2.63** -3.86** 
gi|241915488 fructose-bisphosphate aldolase 
5, cytosolic 
C5Z5R1 -2.55** -3.88** -1.5** -5.63** 
gi|241924815 oxygen-evolving enhancer 
protein, chloroplastic 
C5X9F7 -1.93** -4.5** -1.73** -4.8** 
gi|413939455 unknown (predicted on 
chloroplast membrane) 
C5XVU8 -1.86** -3.51** -1.99** -3.58** 
gi|893641155 Photosystem II protein D1 A0A109NDD5 -2.85** -5.14** -1.66** -3.94** 
              
** Differential abundance at significance value of false discovery rate (FDR)-corrected P-value <0.01. 
 
Transcriptome 
RNA-sequencing of control, ES and LS lamina samples produced an average of 83.7-, 
79.4- and 72.5-million reads, respectively (Fig.4.4.6A). Of these, 61% of paired-end reads 
mapped to the reference in the control samples, 59% in ES and 54% in LS (Fig.4.4.6B). 
For dewlap, read counts for control were 51.6-million, and for YCS 40.9-million. Of which 
61% and 62% mapped to the reference, respectively. Midrib control and YCS read counts 
were 83.7- and 45.2-million, those mapping to the reference were 56% and 61%, 
respectively. 
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Figure 4.4.6. Summary of RNA-seq data generated from yellow canopy syndrome (YCS)-
expression sugarcane leaf samples across four tissue types; dewlap, midrib, early-stage 
stress (ES) and late-stage stress (LS) lamina. Graph of average number of pair-end reads 
generated per tissue type (A) and, graph of percentage of paired-end reads that mapped 
to the sugarcane reference transcriptome (B).  
 
Differential expression 
Differential gene expression analysis provides valuable information and possible target 
biomarkers for YCS onset. All YCS samples had differentially expressed genes (DEGs) 
compared to their tissue-specific controls (Fig.4.4.7). YCS ES had the least number of 
DEGs with 3.8% of all expressed genes. Dewlap had differential expression in 5.1% of the 
transcriptome cover. The midrib and YCS LS samples had the most differential expression 
with 11.5% and 14% of the transcriptome, respectively.  
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Figure 4.4.7. Numbers of genes with and without differential expression during yellow 
canopy syndrome (YCS)-expression in sugarcane leaves in four leaf tissue types; dewlap, 
midrib, early-stage stress (ES) and late-stage stress (LS) lamina leaf samples compared to 
controls. Y-axis begins at 70,000. Blue indicates number of transcripts with decreased 
level, red indicates number with increased level, and grey indicates number with no 
change compared to controls Differential expression defined as and false-discovery rate 
(FDR)-corrected P-value ≤0.001. 
 
In order to determine effects of YCS onset across leaf tissues, Venn diagrams were used 
a means to identify consistently differentially expressed genes (Fig.4.4.8). Upregulated 
during YCS across ES and LS lamina, dewlap and midrib were 609 DEGs (Fig.4.4.8A). 
Similarly consistently downregulated were 711 DEGs (Fig.4.4.8B). There was a large 
number of DEGs unique to LS lamina, which may have indicated a substantial 
downstream cascade of gene expression related to YCS during the late-stage of 
development. The midrib also displayed a large number of unique DEGs although not as 
many as LS. Further, DEGs in all categories were investigated to identify a distinct pattern 
which may indicate a potential cause for YCS symptom development. No such pattern was 
identified. 
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Figure 4.4.8 Venn diagrams of number of genes upregulated (A) and downregulated (B) in 
yellow canopy syndrome (YCS)-affected sugarcane leaf tissue of dewlap, midrib, lamina 
early-stage stress (ES) and late-stage stress (LS) compared to controls. Differential 
expression based on false discovery rate (FDR)-corrected P-value <0.001. 
 
To characterise which cellular processes DEGs related to, in order to understand which 
cellular processes were affected on a gene expression level, a Gene Ontology (GO) 
categorisation was performed (Fig.4.4.9). This was done by investigating how many DEGs 
were associated with Cell Part [GO:0044464] and Metabolic Process [GO:0008152] GO 
terms. 
 
In the Cell Part [GO:0044464] category, the greatest count of DEGs was related to the 
chloroplast, mitochondrion and nucleus (both up- and downregulated). However all three 
categories had greater numbers of downregulated DEGs than upregulated in their 
categories (Fig.4.4.9).  
 
To identify metabolic processes affected, the child GO terms of Metabolic Process 
[GO:0008152] were investigated, with the addition of Photosynthesis GO term 
[GO:0015979]. The processes the with largest number of downregulated DEGs were 
nucleobase-containing compound metabolism (contains subdivisions of organic acid, 
nitrogen and primary metabolism), protein metabolism and regulation of primary 
metabolism. This indicated that significant gene expression downregulation of basic leaf 
Upregulated Downregulated 
A  B  
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functions was taking place. Additionally, the photosynthesis category showed a strong bias 
towards gene numbers for downregulation, while the tricarboxylic acid cycle category was 
skewed for number in upregulation. It was noted that not all of the total common 609 
(upregulated) or 711 (downregulated) genes could be categorised into GO terms.  
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Figure 4.4.9 Number of commonly differentially expressed genes (DEGs) falling into Gene Ontology (GO) terms identified under Cell 
Part [GO:0044464] (A) and Metabolic Process [GO:0008152] (B) in YCS-affected leaf tissues of dewlap, midrib, early-stage (ES) and 
late-stage (LS) lamina compared to control tissues. Red bars represent upregulated DEG counts, and blue bars represent downregulated 
DEG counts in YCS compared to control. Differential expression based on false discovery rate (FDR)-corrected P-value <0.001. 
A B 
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From the analyses it was difficult to gauge the importance of each of the GO categories in 
which the DEGs were contained. This was because the number of DEGs within a category 
does not factor in the Transcripts Per Million (TPM) associated with each gene or 
category. Where a TPM value of a gene represents its expression proportion out of the 
total mRNA pool in the sample. It is important to note that is it assumed in this analysis 
that RNA-seq reads mapped to the reference transcriptome for each sample were 
representative or the full mRNA pool in the leaf tissues sampled. 
 
It was hypothesised that gene expression in a leaf affected by YCS - which is associated 
with suppression of photosynthesis and leaf yellowing (Marquardt et al., 2016; Chapter 2) 
– may result in substantial gene expression downregulation of highly expressed genes 
(relating to fundamental processes; photosynthesis). Based on DEG numbers, there were 
similar numbers of upregulated and downregulated DEGs. This may indicate an equal 
stimulation of gene expression as well as decreased expression. In order to understand 
the weight of upregulated genes versus downregulated, the TPM allocation of each group 
was investigated (Fig.4.4.10). Where the sum of all TPM in all samples equals one million, 
therefore representing a proportion of the total gene expression pool. 
 
The downregulated DEGs maintained a much larger portion of TPM even in YCS-affected 
tissue, as well as control (Fig.4.4.10). While the upregulated DEGs maintained a small 
proportion (TPM) in YCS-affected tissue (after-upregulation). Generally, a large TPM 
associated with a transcript indicates to high cellular importance of that transcript or its 
encoded protein. 
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Figure 4.4.10 Summed average TPM values (X-axis) of differentially expressed genes 
(DEGs) between YCS-affected leaf tissues and controls, for each tissue (Y axis label) and 
sample type (also Y axis label). Blue bars represent downregulated DEG TPM data and 
red bars represent upregulated DEG TPM data. Differential expression based on false 
discovery rate (FDR)-corrected P-value ≤0.001. 
  
Of the TPM contained within the downregulated DEGs, five genes represented more than 
86.8-98.8% of the total TPM (contained within all of the downregulated DEGs). These are 
listed in Table 4.4.5. Those with annotations (three of five) related largely to the 
photosynthetic electron transport chain and chloroplast-function. 
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Table 4.4.5 Genes associated with large TPM downregulation during yellow canopy syndrome (YCS) onset in dewlap, midrib, 
early-stage (ES) and late-stage (LS) lamina tissues of sugarcane leaves compared to controls. 
Gene description 
Sequence 
length (bp) Transcriptome ID 
Average TPM (expression) Fold change in YCS from control 
Dewlap Midrib Lamina 
Dewlap Midrib 
Lamina 
Control  YCS  Control  YCS  Control  
YCS early-stage 
(ES)  
YCS late-stage 
(LS)  
Early-stage 
(ES)  
Late-
stage (LS)  
      
           
Photosystem II D1 (chloroplast) 1560 c120270f1p11559 102,068 ±3,123.4 50,184 ±3,861.7 246,543 ±3,494.2 60,264 ±8,046.6 287,389 ±10,782.8 174,200 ±11,330.8 78,414 ±7,410.3 -2.31* -7.51* -2.43* -7.89* 
chloroplast DNA (accession: 
LN896359.1) 
600 c1402f5p0600 6,052 ±246.85 3,270 ±199.7 15,635 ±1,561.7 4,081 ±418.7 16,383 ±1,457.5 9,305 ±1,119.6 5,222 ±371.6 -2.09* -7.06* -2.57* -6.75* 
Contains Photosystem I P700, 
PsaA, PsaB, Photosystem II D1, 
and fatty aldehyde decarbonylase 
4703 c110172f1p04804 5,993 ± 167.45 2,908 ±214.2 8,870 ±1,755.0 3,566 ±406.8 15,736 ±528.4 9,002 ±655.6 2,701 ±696.6 -2.34* -4.58* -2.57* -12.38* 
unknown sequence 430 c21066f1p4430 984 ±80.04 291 ±37.7 1,785 ±76.9 414 ±39.0 1,545 ±51.0 889 ±60.4 530 ±22.0 -3.82* -8.02* -2.55* -6.31* 
unknown sequence 617 c3267f22p3617 748 ±53.56 210 ±30.4 1,427 ±85.6 317 ±31.8 1,085 ±70.3 578 ±34.3 335 ±15.7 -4.02* -8.35* -2.74* -7.01* 
                            
* significant fold-change in YCS-affected tissue compared to control, at false discovery rate (FDR)-corrected p value <0.001. 
 
82 
 
4.5 Discussion 
Sucrose preferentially accumulates in certain parts of the leaf 
Sucrose accumulates during YCS expression in leaf lamina (Marquardt et al., 2016; 
Chapter 2; Marquardt et al., 2017; Chapter 3) but whether sucrose accumulates in other 
parts of the leaf (midrib and dewlap) is unknown. The data from the current study showed 
that in control leaves the sucrose content in the midrib and lamina was similar. In contrast 
the sucrose level in different parts of the YCS-symptomatic leaf varied significantly. The 
greatest increase in sucrose content occurred in the midrib in YCS affected leaves. This 
was substantially greater than the increase in leaf lamina and dewlap. 
 
Sugarcane is an apoplastic phloem-loading species. In the leaf, sucrose leaves the 
symplasm connecting the mesophyll, bundle sheath, and vascular parenchyma cells and 
enters the apoplastic space of the vascular bundles. Here it is active loaded in to the 
companion cells (CC) of the collection phloem sieve elements (SE). Apoplastic phloem 
loading species are able to reach very high (>1M) sucrose concentrations in the phloem 
(Geiger et al., 1973; Winter et al., 1992; Berthier et al., 2009). Sucrose then moves 
symplastically through transport phloem in the plant vasculature of the midrib and sheath, 
by way of a pressure gradient determined by the unloading of sucrose at the sink.  
 
During normal translocation of sucrose in the phloem of sugarcane, a small amount of 
sucrose leaks into the surrounding apoplastic space of the vascular bundles. This can be 
retrieved by sucrose transporters present on nearby cells’ plasma membranes (Grof et al., 
2013). These are further symplastically connected to large parenchymatous cells outside 
of the vascular bundle, which make up the majority of the midrib tissue in sugarcane 
(Joarder et al., 2011; Rae et al., 2013). 
 
When sucrose movement through phloem slows, more sucrose leaks from the phloem 
cells through reduced hydrostatic pressure and diffusion (for review see De Schepper et 
al., 2013). Sucrose leakage out of the transport phloem of the midrib during YCS, into the 
apoplastic space of the vascular bundles, could lead to increased uptake into surrounding 
cells in the vascular tissue. This would imply symplastic equilibration of sucrose 
concentration in the symplasm through to the large parenchymatous cells. It is possible the 
midrib functions as an alternative sink for sucrose during YCS, wherein large amounts of 
sucrose is stored in large parenchymatous cells. 
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Presumably this would have an effect upon sucrose transport-related proteins’ activity, 
abundance or gene expression in the midrib tissues. Further investigation into sucrose 
transport-related function in the midrib during YCS-symptoms is presented in Chapter 5.  
 
High level of sucrose accumulation is known to take place in sugarcane leaf tissues during 
diseases such as Yellow Leaf (caused by phloem blockage caused by viral infection) 
(Lehrer et al., 2007). However the content of the midrib has not been specifically 
investigated, nor has midrib metabolism been extensively investigated during abiotic 
stresses in grasses. 
 
The metabolic shifts underpinning the increase in sucrose content in the different parts of 
the leaf during YCS onset is unknown. For this reason we deployed three different omics 
approaches to form a better understanding of how YCS impacts on leaf cellular 
metabolism. 
 
Omics to investigate cellular metabolism in the leaf 
YCS-affected tissues were able to be separated from control on all three levels of the 
metabolome, transcriptome and proteome, in all tissue types sampled. The level of 
separation varied between omics. The transcriptome was the largest dataset, and from 
PLS-DA analysis showed the greatest separation between YCS and control.  
 
Proteome data is at the forefront of molecular biology research and represents a ‘truer’ 
molecular state of living cells than that of gene expression. Recent studies have 
highlighted the superiority of protein data compared to potentially unactuated changes in 
gene expression (Ashwin et al., 2017; Ghatak et al., 2017). Specifically, this can relate to 
situations of sugar accumulation, where sugar homeostasis can be quickly adjusted by 10 
orders of magnitude without any related gene expression change (Weckwerth, 2011; 
Nägele and Weckwerth, 2014).  
 
However, in the present study we found more potential regulatory difference in metabolism 
during YCS onset and symptoms in gene expression data, as similar metabolism effects 
were noted during YCS in both omics datasets. Additionally, the separation of 
dewlap/midrib and lamina protein databases for protein identification provided some 
limitation in the proteome datasets for comparing between tissue types. 
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YCS onset impacts metabolism primarily through chloroplast functions 
Finding the earliest changes taking place during YCS symptoms is important for 
understanding how YCS leads to disrupted leaf function and allows identification of a 
biomarker associated with the condition. 
 
Given the knowledge that a leaf with YCS yellowing symptoms (i.e. LS lamina) - that also 
had sections of green healthy tissue (i.e. ES lamina) - had substantial sucrose 
accumulation in the midrib and dewlap, indicates that the leaf lamina may not represent 
the earliest site of YCS onset effects in the leaf. However, leaf lamina is the site of visual 
symptoms of YCS (Marquardt et al., 2016; Chapter 2). 
 
Metabolite, gene expression and protein level changes consistent across all leaf tissues 
sampled represents fundamental impact areas of YCS. These were found to relate largely 
to chloroplast functions. This coincided with a reduced photosynthetic rate found to occur 
previously, and that these changes occur before visual symptoms (Marquardt et al., 2016; 
Chapter 2). 
 
Consistently suppressed was PSII D1 protein (gene expression and protein abundance). 
D1 is a high turnover protein, which is one of the most abundant proteins in 
photosynthesising leaf tissues, and is highly sensitive to high light stress (Aro et al., 1993). 
Furthermore, synthesis and repair of D1 is a highly ATP-expensive processes (Murata and 
Nishiyama, 2018 and references therein). It is known YCS onset disrupts photosynthetic 
electron transport around PSII, which occurs higher in the canopy than symptomatic 
leaves (Marquardt et al., 2016; Chapter 2). This may be attributed to genetic 
downregulation of D1 transcript, leading to a reduction in protein, in order to limit 
photosynthetic electron transport activity as reaction to sucrose build-up. 
 
The accumulation of sucrose in the early-stage of YCS was perhaps expected to yield 
adjustments to regulation of carbohydrate metabolism. The increased abundance of the 
proteins 1,4-alpha-glucan-branching enzyme, ADP-glucose pyrophosphorylase and 
fructose-bisphosphate aldolase (cytoplasmic aldolase) suggests cellular regulation of 
allocating large amounts of carbon into starch. Transitory starch storage occurs chiefly in 
the BS chloroplasts in sugarcane, and is a known symptom of YCS (Marquardt et al., 
2016; Chapter 2; Marquardt et al., 2017; Chapter 3). 
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Although a cytoplasmic aldolase protein was consistently greater in abundance in lamina 
and midrib tissues affected by YCS, another cytoplasmic aldolase was also a protein 
consistently decreased in abundance across all tissues. This suggests firstly that isoforms 
of cytoplasmic aldolase exist in the data, and that different roles or localisations exist for 
these. A similar pattern was found in cytoplasmic aldolase gene expression data (data not 
shown). Aldolase in the cytosol sequesters triose phosphate (TP) released from the 
chloroplast in the direction of UDP-glucose. UDP-glucose is largely directed to sucrose 
synthesis through sucrose phosphate synthase, or pentose or structural component 
biosynthesis through UDP-glucose-6-dehydrogenase. Further understanding of aldolase 
regulation may provide important information regarding carbohydrate partitioning during 
YCS onset in leaves. 
 
Additional downstream effects of YCS onset upon leaf metabolism are investigated in 
Chapter 6. 
 
Similarity with senescence 
An early onset of leaf senescence can be triggered by sucrose accumulation. Linked to 
this is the sucrose-induced feedback inhibition of photosynthesis (McCormick et al., 2008). 
In this situation, to avoid rapid reactive oxygen species (ROS) production carbon is pushed 
into alternative pathways to act as ‘emergency sinks’ to ensure enough oxidised 
coenzymes are present upstream in the photosynthetic electron transport (PET) chain. 
YCS diverts carbon into alternative pathways than sucrose synthesis in leaf lamina 
(Marquardt et al., 2017; Chapter 3).  
 
In the process of senescence, a shift away from energy being supplied by the PET 
towards ATP production by the mitochondrial electron transport chain takes place (for 
comprehensive review see Lim et al., 2007). This sustains the energy-requiring process of 
chloroplast dismantling and the export of remaining nutrients before the senescing leaf is 
discarded. 
 
YCS has been implicated as a potential form of early-onset senescence. The data showed 
DEGs related to mitochondrial function [GO:0005739] during YCS onset, which may 
indicate a stimulation of mitochondrion-related gene expression.  
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Accumulation of amines indicate a disruption of phloem transport 
The vascular-enriched tissues of the dewlap and midrib had the majority of detected amino 
acids and amines elevated in YCS-expressing leaves compared to controls, which was 
less pronounced in the lamina samples (Fig.4.4.2). Amino acids are transported through 
the plant in the phloem. Their movement follows that of sucrose by mass flow (Winter et 
al., 1992).  
 
A reduction in phloem movement would lead to an accumulation of amino acids and 
amines, similar to that observed for sucrose. Increased protein hydrolysis associated with 
cell death during YCS yellowing symptoms could be taking place in the leaf tissues 
affected by YCS, resulting in elevated amino acid export from the leaf. Similarly possible, 
or synergistically coupled, could be the state of carbon overload in the lamina, and the 
redirection of carbon into pathways other than those of sugars, such as amino acids as 
found previously during YCS (Marquardt et al., 2017; Chapter 3), also leading to increased 
amino acid export through the phloem. 
 
Interestingly, some amines/amino acids showed greater accumulation than others (data 
not shown). Notably the amino acids asparagine and glutamine. Asparagine and glutamine 
are the main N carriers in the vascular bundles (Lea et al., 2007; Gaufichon et al., 2010).  
 
Asparagine plays a major role in N recycling (for review see Lea et al., 2007). In its neutral 
form it binds two N atoms. It is formed from the acidic precursor aspartate (carries one N 
atom), through a one-step reaction by asparagine synthetase. A strong (181-fold) increase 
in asparagine may suggest an attempt by the leaf to mobilise N. Increased ratio of 
asparagine to aspartate in the phloem takes place during plant stresses such as water 
deficiency (e.g. Kusaka et al., 2005), nutrient deficiencies (e.g. Miflin, 1980), pathogen 
infection (e.g. Pérez-García et al., 1998), and is a widely-known as part of leaf nitrogen 
export as part of senescence. Aspartate levels were not significantly different in YCS-
affected midrib compared to controls (data not shown). 
 
Similarly, glutamine increased while precursor glutamate did not show elevation in YCS-
affected vascular-enriched tissue. Glutamate feeds in to different pathways leading to 
proline, GABA and arginine synthesis. Both metabolites are widely associated with a 
stress in plant cells, and lend themselves to both abiotic and biotic stress (for plant GABA 
reviews see Forde and Lea, 2007; Shelp et al., 2017). The limitation of GABA 
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accumulation to the midrib, rather than further down the leaf in the dewlap tissues, may 
indicate a localisation of stress response of YCS to that of greatest sucrose accumulation - 
in the midrib and LS lamina, and a role during the late-stage of YCS onset. 
 
4.6 Conclusion 
YCS does not have an impact localised to the leaf lamina. Previously, the leaf lamina was 
known to be a site of sugar accumulation and downstream effects in leaves affected by 
YCS. It is clear that midrib and dewlap tissues were further sites of YCS impact, wherein 
the midrib displayed the greatest change in sugar and other metabolite accumulation than 
asymptomatic and symptomatic lamina. It is possible the midrib functioned as an 
alternative sink during such situation as YCS where a carbon overload occurs in the leaf 
lamina, to protect photosynthetic tissues. 
 
YCS onset led to clear biochemical changes on the levels of metabolome, proteome and 
transcriptome in early-stage (ES; asymptomatic) and late-stage (LS; symptomatic) leaf 
lamina, as well as midrib and dewlap tissues. 
 
These biochemical changes during YCS development across the leaf were evident clearly 
in chloroplast-related gene expression, and decreases in photosynthetic-related gene 
expression and proteins. Particularly in the PSII D1 protein of the photosynthetic electron 
transport chain. There was greatest numbers of stimulated mitochondrial genes and 
metabolic processes of nucleobase-containing compound and carbohydrate metabolism. 
The data did not indicate YCS mimicked that of a specific abiotic or biotic stress reaction. 
These effects may have been experienced as a result of combinations of abiotic and biotic 
stressors. 
 
It is not known where in the leaf YCS first causes changes. However the first point of 
symptom onset remains sucrose accumulation in leaves. Knowledge is required of where 
and how in the leaf, sucrose first accumulates to progress understanding of YCS and how 
it causes yield loss in sugarcane.  
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Sucrose accumulation and sugar transporter gene expression in YCS-affected 
sugarcane leaves 
 
Details 
Concept, design, data analysis, data interpretation, writing and reviewing of the chapter 
was carried out by A. Marquardt and candidate’s PhD advisors Prof R. J. Henry and Prof 
F. C. Botha. 
 
This chapter follows on from the overview of the omics datasets collected of yellow canopy 
syndrome (YCS) affected leaf tissues; which showed strong suppression of 
photosynthesis-related components consistent with feedback regulation induced by sugar 
(Chapter 4). The work undertaken in this chapter investigates the ‘upstream’ side of sugar 
accumulation, particularly whether gene expression relating to the process of phloem 
loading/reloading may be attributed to the build-up of sugars in YCS-affected leaves. 
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5.1 Abstract 
Leaf sucrose accumulation and decreased photosynthesis are early symptoms of yellow 
canopy syndrome (YCS) in sugarcane (Saccharum spp.) and precede the yellowing of the 
leaves. This indicates an imbalance between sucrose synthesis and export from the leaf. 
Investigation of lamina, midrib and dewlap leaf tissue gene expression data for sucrose-
movement-related proteins including 25 SWEETs, nine SUTs, 26 H+-ATPases and 22 H+-
pyrophosphatases (H+-PPases) was undertaken. Notable was changes in H+-PPase 
expression during YCS development. There are evidently two clusters of Type I H+-
PPases - one upregulated and the other downregulated - in all YCS-affected leaf tissue. 
Although less pronounced, a similar pattern of change was observed for the H+-ATPases. 
The expression of disaccharide transporting SWEETs was downregulated and a 
monosaccharide transporting SWEET upregulated. SUT gene expression was the least 
responsive to YCS development. The results suggest the cause of sucrose accumulation 
in YCS-affected leaf tissues is diminished sucrose movement through the phloem rather 
than restriction of sucrose movement into the apoplast or phloem loading. 
 
5.2 Introduction 
The cause of sucrose accumulation in YCS symptomatic leaves is not known but reflects 
an imbalance between sucrose synthesis and export (for source-sink reviews see Foyer et 
al., 2005; Chang and Zhu, 2017). A reduction in photosynthetic rate indicates a decrease 
in sucrose synthesis during YCS symptom development (Marquardt et al., 2016; Chapter 
2). 
 
Sucrose accumulation is associated with stress in many species (Gupta and Kaur, 2005; 
Müller et al., 2012; Keunen et al., 2013; Tauzin and Giardina, 2014; Sami et al., 2016). 
Both biotic and abiotic factors lead to sucrose accumulation in the leaf (Kafi et al., 2003; 
Gupta and Kaur, 2005; Morkunas and Ratajczak, 2014; Tauzin and Giardina, 2014). 
Sucrose export from the leaf in apoplastic phloem-loading species (such as sugarcane) is 
dependent on five factors: 1) synthesis during photosynthesis and from starch hydrolysis 
during the night, 2) generation of a electrochemical potential gradient across the 
plasmalemma, 3) proteins to facilitate movement of sucrose from the site of synthesis into 
the apoplast, 4) loading of the sucrose into the phloem and 5) unrestricted flow of sap 
within the phloem. Limited information is available about all five of these factors in 
sugarcane. 
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The generation of the proton motive force is linked to the activity of the H+-ATPases and 
H+-pyrophosphatases (H+-PPases) present on the phloem sieve element (SE) and 
companion cell (CCs) membranes (Sondergaard et al., 2004; Paez-Valencia et al., 2011; 
Regmi et al., 2016). There are however two schools of thought on the role of the latter. 
 
H+-PPase phloem-loading activity involves pumping of protons from apoplasm to 
cytoplasm (using proton motive force (pmf)) across CC plasma membranes to produce 
inorganic pyrophosphate (PPi) (Davies et al., 1997; Fuglsang et al., 2011; Paez-Valencia 
et al., 2011). Depending on localisation and conditions, the H+-PPase pumping of protons 
may also occur in reverse using PPi to generate inorganic phosphate (Pi), and it is noted 
there is ambiguity regarding direction of H+-PPase pumping mechanism (Fuglsang et al., 
2011; Pizzio et al., 2017; Schilling et al., 2017). However, in the hypoxic conditions of the 
CC cell-type, the direction of PPi production following the use of pmf represents the most 
metabolically logical theory (Davies et al., 1997; Fuglsang et al., 2011; Paez-Valencia et 
al., 2011). 
 
PPi in phloem cells is linked to the production of ATP in CCs through sucrose synthase 
cleavage of sucrose (Lerchl et al., 1995), shown in Fig.5.2.1. ATP is required by the 
plasma membrane H+-ATPase to pump protons into the apoplast to generate a pmf across 
the plasma membrane (Lerchl et al., 1995).  
 
The effect of stress on sugarcane H+-PPase is not well characterized. However the 
Arabidopsis H+-PPase, AVP1, has been used to transform sugarcane (Kumar et al., 2014), 
which results in an increased salt and drought tolerance. cDNAs for H+-PPases have been 
described in many crops including rice (Sakakibara et al., 1996; Choura and Rebai, 2005; 
Liu et al., 2010; Muto et al., 2011), tobacco (Lerchl et al., 1995), wheat (Brini et al., 2005), 
and rye (Wang et al., 2016). Phloem-specific overexpression of AVP1 leads to increased 
sucrose phloem loading and sucrose export to the sink resulting in increased biomass 
(Khadilkar et al., 2016). 
 
SWEET proteins facilitate the diffusion of sugars across the plasma membrane of cells 
(Chen et al., 2010), thereby allowing phloem loading to take place from the apoplasm of 
the vascular bundle (for uptake into the phloem SE CC complex; Chen et al., 2012) 
(Fig.5.2.1). There are four clades of SWEETs, based on sequence similarity and function 
(for review see Eom et al., 2015). Clade I (SWEETs 1-3) and clade II (SWEETs 4-8) are 
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found to predominantly transport monosaccharides, whereas clade III (SWEETs 9-15) are 
efficient disaccharides transporters. The SWEETs that facilitate phloem loading belong to 
Clade III. The sucrose-H+ symporters (SUTs) are responsible for sucrose uptake into the 
SE CC complex, via proton/sucrose symport (Fig.5.2.1). In maize, ZmSUT1 performs this 
function (Slewinski et al., 2009). SUT1 homologs have been characterised in multiple 
crops in addition to maize; eg. rice (Aoki et al., 2003), Sorghum bicolor (Milne et al., 2017), 
Triticum aestivum L. (Aoki et al., 2002), and in Saccharum spp. (Casu et al., 2003; Casu et 
al., 2004). 
 
 
Figure 5.2.1 Model of sugar transporter and proton pump function in the context of 
sucrose phloem loading in apoplastic phloem loading species such as sugarcane 
(Saccharum spp.) ADP; adenosine disphosphate, ATP; adenosine triphosphate, H+-
PPase; H+-pyrophosphatase, Pi; inorganic phosphate, PPi; inorganic pyrophosphate, Suc; 
sucrose, SUS; sucrose synthase, SUT; sucrose-H+ symporter, SWEET; sugar will 
eventually be exported transporter, UGPase; UDP-glucose pyrophosphorylase. 
 
In sugarcane, ShSUT1 displays differences to that of ZmSUT1 (Rae et al., 2005; Glassop 
et al., 2017). ShSUT1 is localised in the vascular parenchyma and inner BS cells (Rae et 
al., 2005). Whereas ZmSUT1 shows strong expression around phloem CCs (Aoki et al., 
1999). Mutation of ZmSUT1 results in elevated sucrose in the leaf lamina and yellowing 
(Slewinski et al., 2009). ShSUT1 could be involved in reloading of leaked sucrose into the 
phloem of the transport phloem (Glassop et al., 2017). This is similar to the proposed role 
of OsSUT1 (Furbank et al., 2001; Scofield et al., 2007; Eom et al., 2012). A SUT 
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specifically implicated in initial loading of sucrose into the SE CCs has not been identified 
in sugarcane (Glassop et al., 2017).  
 
This study aimed to determine if gene expression changes were indicative of a problem 
with sucrose export from leaves during YCS onset to lead to leaf sugar accumulation. In 
order to do this, we investigated sucrose transport-related gene expression in the leaf 
tissues of pre-symptomatic (early-stage; ES) and symptomatic (late-stage; LS) leaf lamina, 
the midrib and the dewlap tissues. To this end, we studied SWEET, SUT, H+-ATPase, and 
H+-PPase gene expression. 
 
5.3 Materials and Methods 
 Plant material and sample collection 
As described in Chapter 4. 
 
 Leaf sample processing 
As described in Chapter 4. 
 
Enzymatic assay determination of sucrose content 
As described in Marquardt et al. (2016); Chapter 2: sucrose content was determined using 
the standard enzymatic method (Bergmeyer and Bernt, 1974). All absorbance readings 
were collected using a 96-well BMG Labtech FLUOstar Omega plate reader (BMG 
Labtech, Offenburg, Germany). 
 
RNA isolation, sequencing & data processing 
As described in Chapter 4. 
 
Identification of genes of interest in sugarcane 
Identification of genes was performed by searching contig annotations in the PacBio 
sugarcane reference transcriptome annotation by Hoang et al. (2017). Further, 
characterised sequences of each SWEET, SUT, H+-ATPase and H+-PPase transcript and 
protein from species Saccharum (Saccharum spp.), sorghum (Sorghum bicolor), maize 
(Zea mays) and Arabidopsis thaliana were blasted (Blastn & tBlastx) in CLC Genomics 
Workbench v11.01 (QIAGEN, Aarhus, Denmark) against the sugarcane transcriptome to 
93 
 
confirm all relevant contigs were found. Relevant contigs were investigated for quality, 
ensuring no other known protein coding regions were present (NCBI Blastx tool against 
non-redundant protein sequences database; blast.ncbi.nlm.nih.gov), and adequate 
expression level (average TPM > 5 in at least one sample type to avoid poorly expressed 
contigs). Translation and open reading frame were checked using translation tool by 
ExPasy (web.expasy.org/translate). Transmembrane domain number (if relevant) checked 
using protein-coding sequence with TMHMM Server v. 2.0 
(http://www.cbs.dtu.dk/services/TMHMM).  
 
 Phylogenetic tree construction and gene family/function prediction 
Identified genes of interest from the sugarcane transcriptome within each of the SWEET, 
SUT, H+-ATPase and H+-PPase groups had translated open reading frames aligned to 
characterised protein amino acid sequences from UniProtKB for sorghum, maize, rice 
(Oryza sativa & Oryza japonica) and Arabidopsis and phylogenetic tree constructed using 
CLC Genomics Workbench v11.01 alignment tool with gap open cost of 10.0, gap 
extension cost of 1.0 and end gap cost as free followed by tree construction with Neighbor 
Joining algorithm, Jukes-Cantor distance measure and bootstrap of 1000 replicates. 
 
5.4 Results 
In order to study gene expression relating to sucrose transport and export in sugarcane 
leaves, contigs representing each of the proteins of SWEETs, SUTs, H+-ATPases and H+-
PPases were identified  in the sugarcane PacBio transcriptome (Hoang et al., 2017). 
Fulfilling the search criteria and used for further analysis were 25 SWEET contigs, nine 
SUT contigs, 26 H+-ATPase contigs and 22 H+-PPase contigs (hereafter referred to as 
genes). 
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Table 5.4.1 Changes in sugar transporter gene expression in sugarcane leaves during yellow canopy syndrome (YCS) 
development. 
        Gene expression (average TPM of sample) Fold change in YCS from control 
        Lamina Midrib Dewlap Lamina 
Midrib Dewlap   Transcriptome ID 
Open 
reading 
frame 
size 
(AA) 
Transmem
brane 
domains Control 
YCS early-
stage (ES) 
YCS late-
stage (LS) Control YCS Control YCS 
YCS 
early-
stage 
(ES) 
YCS late-
stage 
(LS) 
SUTs 
           
Group 1 
             
ShSUT1-1 c23771f1p02288 518 10 33.8 ±3.1 77.2 ±3.8 76.8 ±6.5 39.8 ±3.5 54 ±4.6 59.7 ±5.9 51.7 ±1.3 1.54 1.06 -1.38 -1.3 
ShSUT1-2 (partial) c41415f1p01118 230 6 16.8 ±1.7 41.2 ±2.6 37.7 ±3.4 16.7 ±1.7 25.8 ±2.7 25.1 ±2.8 27.5 ±1.9 1.66 1.05 -1.22 -1.03 
ShSUT1-2 (partial) c30737f2p01022 204 5 1.9 ±0.3 6.1 ±1.1 6.6 ±1.1 2.4 ±0.6 2.8 ±0.2 3.1 ±0.4 4.3 ±0.4 2.12 1.6 -1.67 1.23 
ShSUT1-3 (partial) c62911f1p0883 205 5 6.2 ±0.6 14.5 ±1.4 12 ±2.3 7.9 ±1.5 9.1 ±1.2 10.3 ±0.8 7 ±0.4 1.59 -1.09 -1.64 -1.66 
Group 3   
             
ShSUT4-1 c65976f2p01948 501 10 3.8 ±0.2 6.5 ±0.8 10.4 ±1 7.6 ±1.6 16.5 ±1.2 11.4 ±1.1 19.3 ±1.8 1.16 1.27 1.15 1.5 
ShSUT4-1 (partial) c8862f1p11069 226 6 7.2 ±0.4 9.4 ±0.8 16.5 ±0.7 9.7 ±2.2 22.3 ±1.2 19.5 ±1.2 19.5 ±0.9 -1.14 1.06 1.24 -1.14 
ShSUT4-2 c74336f3p11944 501 10 3.6 ±0.4 5.2 ±0.3 9.5 ±0.5 5.6 ±0.9 11.5 ±0.5 12.1 ±1 12.4 ±0.8 -1.02 1.21 1.08 -1.1 
ShSUT4-2 c33787f1p11661 452 10 1.4 ±0.1 1.9 ±0.2 3.2 ±0.4 2.1 ±0.8 4.8 ±0.4 5.4 ±0.9 4.4 ±0.7 -1.1 1.05 1.26 -1.38 
Group 4 
             
ShSUT2 (partial) c10824f1p0909 155 4 3.6 ±0.3 4.9 ±0.4 10.8 ±1 4 ±0.3 9.6 ±0.3 8.2 ±0.2 12.5 ±0.8 -1.07 1.39 1.3 1.35 
    
             
SWEETs 
           
Clade I (monosacharide transport) 
             
ShSWEET1a-1 c21583f5p11297 268 6 0 ±0 0.6 ±0.2 4.2 ±1.2 0 ±0 6.2 ±1.4 3.6 ±0.5 17.3 ±1 60.48 280.92* 102.12* 4.29* 
ShSWEET1a-1 c9199f12p11415 268 6 0 ±0 0.2 ±0.1 1.9 ±0.2 0 ±0 6 ±1.2 3.7 ±1.1 16.4 ±1.8 17.28 143.77* 319.61* 3.8* 
ShSWEET1a-1 c66818f1p01129 268 6 0 ±0 0.7 ±0.2 3.6 ±0.5 0.1 ±0 5.2 ±0.7 1.8 ±0.1 12.2 ±0.8 63.38 211.5* 21.2* 5.96* 
ShSWEET1a-2 c58695f1p11444 268 6 0 ±0 1.4 ±0.3 6.5 ±1.1 0.3 ±0.1 9.7 ±1.1 2.7 ±0.2 12.9 ±0.6 146.68 489.26* 21.62* 4.18* 
ShSWEET2a c17445f9p11391 243 7 0.4 ±0.1 1.6 ±0.1 4.7 ±0.4 0.6 ±0.2 6.4 ±0.7 1.3 ±0.2 4.7 ±0.1 2.8 5.67* 5.96* 3.04* 
ShSWEET2a c41594f7p11202 243 7 0.4 ±0.1 1.9 ±0.2 4.6 ±0.5 0.7 ±0.1 4.9 ±0.6 1.1 ±0.4 5 ±0.7 3.53 5.92* 3.53* 3.96* 
ShSWEET2b c9667f4p1954 231 7 3.2 ±0.3 18.7 ±2.8 23.3 ±2.2 2.9 ±0.7 21.3 ±2.6 9.1 ±1.1 37.5 ±3.7 3.87* 3.36* 3.93* 3.65* 
ShSWEET2b c74079f1p01081 231 7 1.6 ±0.2 7.3 ±1.5 10 ±0.4 1.1 ±0.4 9.5 ±0.9 2.9 ±0.5 12.4 ±1.6 3.14* 2.98* 4.68* 3.77* 
ShSWEET2b c30494f1p01143 230 7 1.3 ±0.1 8.1 ±1.2 10.1 ±0.6 1.4 ±0.1 11.1 ±1.9 3.9 ±0.5 16.5 ±0.7 4.04* 3.48* 4.29* 3.75* 
95 
 
ShSWEET2b c52912f1p1946 231 7 0.8 ±0.3 7.1 ±1.1 4.5 ±1.4 0.6 ±0.2 7.8 ±1.7 3.6 ±1.1 14 ±1.7 6.04* 2.69 7.14* 3.45* 
ShSWEET3a-1 c89614f4p11009 247 7 14.3 ±1.5 3.7 ±0.7 0.4 ±0.1 37.1 ±2.1 1.3 ±0.4 20.2 ±2.1 1.4 ±0.3 -5.69* -71.54* -52.31* -15.72* 
ShSWEET3a-2 c15540f1p1914 247 7 3.6 ±0.5 0.7 ±0.4 0 ±0 11 ±2.7 0.6 ±0.2 5.8 ±0.9 0.4 ±0.2 -7.1 -173.47* -32.53* -14.31* 
Clade II (monosaccharide transport) 
             
ShSWEET4-1 c84864f1p21237 254 7 0 ±0 1.7 ±0.6 44.2 ±7 0 ±0 51.1 ±6.9 0.1 ±0.1 3.9 ±1.4 70.8* 1215.16* 2428.27* 34.54* 
ShSWEET4-2 c82205f1p31160 254 7 0 ±0 0.5 ±0.2 4.4 ±0.5 0 ±0 5.2 ±1.2 0.5 ±0.1 2.4 ±0.2 43.28 269.37* 229.87 4 
ShSWEET4-3 c1589f4p31134 254 7 0 ±0 0.4 ±0.1 3.6 ±0.8 0 ±0 5.4 ±1 0.3 ±0.1 1.8 ±0.1 33.33 210.51* 77.5* 5.17 
Clade III (dissacharide transport) 
             
ShSWEET13-1 c123423f4p151471 303 7 137.4 ±9.1 184.6 ±6.2 196.5 ±8.5 214.3 ±23.7 120.3 ±12.3 137 ±12.3 79.9 ±1.6 -1.1 -1.51 -3.35 -1.93* 
ShSWEET13-2 c115527f3p71452 303 7 77.6 ±6.2 81.7 ±3.9 77.1 ±4.2 102.5 ±7.3 50.1 ±2 53 ±8.5 26.7 ±4 -1.39 -2.17* -3.8* -2.23* 
ShSWEET13-2 c80871f4p71358 303 7 38.2 ±3.5 39.7 ±3.2 41.7 ±5.4 48.1 ±7.9 13.9 ±5.1 27 ±2.7 10 ±4 -1.4 -1.98* -6.52* -3.05 
ShSWEET13-2 c82701f1p01795 303 7 77.7 ±7.2 89.2 ±3.7 87.9 ±2.1 111.4 ±8.1 62.3 ±4.4 69.9 ±7.4 33.9 ±2.7 -1.28 -1.91* -3.34* -2.33* 
ShSWEET13-2 c123349f21p171492 303 7 76.6 ±6.8 85.6 ±3.3 87.4 ±3.1 105.5 ±8.6 62.3 ±4.7 76.9 ±7.5 39 ±3.2 -1.31 -1.89* -3.17* -2.23* 
ShSWEET13-2 c31173f1p21199 280 6 24.7 ±1.9 26.5 ±2.8 17.6 ±5.3 24.9 ±7.5 20.4 ±5.2 39.8 ±6.5 19.9 ±2.6 -1.36 -2.95* -2.34 -2.24* 
ShSWEET13-3 c122671f7p81427 334 7 8.8 ±0.6 17.1 ±2 10.9 ±2.5 20.3 ±4.6 10.8 ±2 18.3 ±2.5 9.6 ±1.1 1.31 -1.73 -3.57* -2.15* 
ShSWEET13-4 c101057f13p41294 291 7 35.4 ±2.8 73 ±4.7 80.8 ±1.5 31 ±3.1 40.4 ±5.2 31.4 ±3.5 19.3 ±1.6 1.39 1.06 -1.44 -1.83* 
ShSWEET13-5 c88771f1p01741 303 7 38.1 ±3.3 45.4 ±1.7 61.2 ±5.7 71.3 ±9.9 25.6 ±2.4 31.1 ±3.3 16.1 ±1.6 -1.23 -1.35 -5.2* -2.18* 
ShSWEET13-6 c120311f1p01557 338 7 10.9 ±1.1 10.7 ±0.6 7 ±0.5 9.9 ±1.9 7.3 ±0.7 8.9 ±1 3.4 ±0.4 -1.49 -3.3* -2.52* -2.89* 
               
* fold-change with significant change (differential expression) from control, defined as false discovery rate (FDR)-corrected p-value <0.001. 
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Transporters 
SWEETs 
Ten of the 25 identified SWEET genes represented Clade III (Appendix I) and were named 
ShSWEET13. The open-reading frame (ORF) of each most closely aligned to the 
characterised protein Oryza japonica SWEET13 amino acid sequence (UniProtKB: 
Q2QR07; Appendix I). Six different isoforms were detected based on open reading frame 
(ORF) amino acid (AA) sequence, annotated as ShSWEET13-1 to -6. Where 
ShSWEET13-2 contained six contigs with an identical protein coding sequence. 
 
 
Figure 5.4.1 Disaccharide transporting SWEET (Clade III) gene expression change from 
control in pre-symptomatic (early-stage; ES) lamina, and post-symptomatic (late-stage; 
LS) lamina, midrib and dewlap tissues of yellow canopy syndrome (YCS)-affected 
sugarcane leaves. Shown as log2-fold change for each SWEET13 protein coding 
sequence group of ShSWEET13-1 (blue bar), ShSWEET13-2 (purple bars), ShSWEET13-
3 (green bar), ShSWEET13-4 (yellow bar), ShSWEET13-5 (orange bar) and ShSWEET13-
6 (pink bar). Asterisk symbol (*) denotes significant change in YCS-affected tissue from 
control based on false discovery rate (FDR)-corrected p-value <0.001. 
 
All ShSWEET genes were downregulated in at least one YCS-affected tissue sampled 
compared to controls (Table 5.4.1). None were differentially expressed in ES lamina 
tissue. In the LS lamina, ShSWEET13-2 and -6 were downregulated. The majority of 
97 
 
sucrose-transporting SWEETs were downregulated in the midrib and dewlap YCS-affected 
tissues (Table 5.4.1; Fig.5.4.1). 
 
Sucrose-transporting ShSWEET13-1 was the most abundant SWEET transcript (mono- or 
disaccharide transporting) in the leaf tissues sampled (Table 5.4.1). It showed a -3.35-fold 
downregulation in the midrib and -1.93-fold in the dewlap, and was not differentially 
expressed in YCS-affected lamina. 
 
The remaining 16 SWEET genes were orthologous to Clade I and II SWEETs (Appendix 
I), which primarily transport monosaccharides. Clade I genes were ShSWEET1a, 
ShSWEET2a, ShSWEET2b and ShSWEET3a, annotated by protein coding AA sequence 
similarity to sorghum (Sorghum bicolor) and rice (Oryza sativa) characterised proteins. 
 
All ShSWEET1a and -2a genes were upregulated in YCS-affected dewlap and midrib 
during ES. (Fig.5.4.2). All ShSWEET2b also showed upregulation preceding lamina 
yellowing (ES; Fig.5.4.2). Conversely, both ShSWEET3a gene showed downregulation; 
ShSWEET3a-1 was downregulated in all YCS-affected tissues, particularly in the midrib (-
52-fold) and LS lamina (72-fold), and ShSWEET3a-2 was downregulated in all tissues 
except the ES lamina, notably most downregulated (-173-fold) in the midrib (Table.5.4.1; 
Fig.5.4.2). 
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Figure 5.4.2 Monosaccharide transporting SWEET (Clade I and II) gene expression 
change from control in pre-symptomatic (early-stage; ES) lamina, and post-symptomatic 
(late-stage; LS) lamina, midrib and dewlap tissues of yellow canopy syndrome (YCS)-
affected sugarcane leaves. Shown as log2-fold change for each SWEET protein coding 
sequence group of ShSWEET1a (blue bars), ShSWEET2a (purple bars), ShSWEET2b 
(green bars), ShSWEET3a (yellow bars) and ShSWEET4 (orange bars). Asterisk symbol 
(*) denotes significant change in YCS-affected tissue from control based on false 
discovery rate (FDR)-corrected p-value <0.001. 
 
SUTs 
Nine identified sucrose-H+ symporter (SUT) genes were identified, falling into three of the 
five SUT grouping (Group1, 3 & 4) described by Braun and Slewinski (2009) (Table 5.4.1).  
 
Four genes fell into SUT group1, and aligned to SUT1 proteins of maize (ZmSUT1; 
Q95XM0) and sorghum (sbSUT1; C5WVY0; Appendix II). These were named ShSUT1, of 
which one coded for a full protein (518 AA; transcriptome ID c23771f1p02288), and three 
were partial coding sequences (partials; Table 5.4.1). All had slight AA variations from the 
UniprotKB and NCBI ShSUT1 protein amino acid sequences (accessions: UniProtKB: 
Q5U871; NCBI: A0A0U2WYQ8, A0A0U2XI68; alignment found as Appendix III) although 
were not likely to affect protein function based on protein structure prediction (performed 
using CLC Genomics Workbench v11.01). 
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Four genes (one partial) were identified belonging to Group3 SUTs, all of which aligned to 
known maize, sorghum and Saccharum spp. SUT4 (UniProtKB protein sequences 
Q6PST5, C5YTD9 and C9EBQ9, respectively; Appendix II). The four genes were be 
grouped based on one AA difference, and were thus named ShSUT4-1 (two genes) and 
ShSUT4-2 (two genes). 
 
One Group4 SUT was identified, referred to as ShSUT2, which coded for part of a protein 
aligning to Saccharum spontaneum SUT2-h1 (NCBI: A0A0U2XKJ8) and maize zmSUT2 
(UniProtKB: Q6PST5; Appendix III). 
 
No ShSUTs showed differential expression in any of the YCS-affected leaf tissues (Table 
5.4.1). 
 
Group1 SUTs (ShSUT1) had the most expression (TPM) across leaf tissues, followed by 
Group 3 (ShSUT4) and then Group4 (ShSUT2). Of the ShSUTs, ShSUT1 
c23771f1p02288 (Group1), was the most expressed in all tissues sampled (Table 5.4.1). 
 
Proton pumps 
H+-ATPases 
Twenty-six H+-ATPase genes were identified and carried through to analysis (Table 5.4.2). 
Of these, nine were found to group with the H+-ATPase subfamily I (Appendix IV). Five of 
which were most similar to the maize characterised H+-ATPase MHA1 (UniProtKB: 
Q43243), and named ShHA1. These further separated into two groups based on AA 
sequence; ShHA1-1 and ShHA1-2 (Table 5.4.2; Appendix V).  
 
All ShHA1s were already downregulated in YCS-affected dewlap, midrib and LS. None 
were differentially expressed in the early-stage (ES) of YCS in the lamina. For each gene, 
the LS lamina showed the greatest level of downregulation, followed by the midrib, and 
then the dewlap (Table.5.4.2). 
 
The remaining four subfamily I gene translated ORFs did not as closely align to 
characterised plasma membrane H+-ATPase proteins as ShHA1-encoded proteins. Nor 
did the contig gene sequences align as closely to characterised plasma membrane H+-
ATPase gene sequences as ShHA1. These genes were named ShHA3, which were 
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further split into three based on single AA sequence differences (ShHA3-1, ShHA3-2 and 
ShHA3-3). 
 
Seventeen plasma membrane H+-ATPase genes were characterised as subfamily II. 
These were named ShHA2 based on encoded protein similarity to MHA2 (UniProtKB: 
Q43271), MHA3 (UniProtKB: Q8L6A2) and MHA4 of maize (UniProtKB: Q84L97), and 
were further split into six (ShHA2-1 to -6) due to individual AA sequence variations 
(Appendix V).  
 
Across all ShHA2 transcript isoforms, none were differentially expressed in YCS-affected 
dewlap, however two showed upregulation in the midrib, one was upregulated in the ES 
lamina and was also upregulated in the LS lamina (Table 5.4.2). Also upregulated in the 
LS lamina were six other ShHA2 genes. Four genes coding identical ORFs of 951 AA, 
named ShHA2-1, were the most expressed ShHA2s across the leaf tissues (Table 5.4.2). 
 
H+-pyrophosphatases 
Twenty-two H+-pyrophosphatase (H+-PPases) genes were analysed for expression (Table 
5.4.2), falling into two types; Type I and Type II.  
 
Type II were four H+-PPase genes (two partial protein coding), named ShVP3. These 
were closely related to AVP2 of Arabidopsis (UniProtKB: Q56ZN6; Appendix VI). None 
showed differential expression in YCS-affected tissues (Table 5.4.2). 
 
Type I contained 18 H+-PPase genes (Appendix VI). Distinct separation of these genes 
was possible through both protein-coding AA sequence, and expression pattern, leading to 
two groups named ShVP1 (11 genes, of which five were partials) and ShVP2 (seven 
genes, of which two were partials; Appendix VII). ShVP1s were most similar to rice H+-
PPase characterised protein OVP1 (UniProtKB: O80384; Appendix VII), and were the 
most expressed H+-PPases in control leaf tissue (Table 5.4.2). 
 
ShVP2 were closest in protein-coding sequence to rice OVP2 (UniProtKB: P93410) and 
Arabidopsis AVP1 (UnProtKB: P31414; Appendix VII). These had very low expression in 
control leaf tissues, particularly in the lamina and midrib (Table 5.4.2). 
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Figure 5.4.3 Proton pump Type I H+-pyrophosphatase (H+-PPase; VP) gene expression 
change from control in pre-symptomatic (early-stage; ES) lamina, and post-symptomatic 
(late-stage; LS) lamina, midrib and dewlap tissues of yellow canopy syndrome (YCS)-
affected sugarcane leaves. Shown as log2-fold change for each ShVP protein coding 
group of ShVP1-1 (blue bars), ShVP1-4 (purple bars) and ShVP2 (green bars). Asterisk 
symbol (*) denotes significant change in YCS-affected tissue from control based on false 
discovery rate (FDR)-corrected p-value <0.001. 
 
The expression of all Type I H+-PPases identified were affected during YCS development 
(Table 5.4.2). Especially ShVP2s (general low expression in control tissue), which were 
upregulated in all YCS-affected tissue (Fig.5.4.3). This was greatest in the LS lamina 
(25.7-fold to 81.6-fold) and the midrib (28.7-fold to 73.3-fold), followed by the ES lamina 
(6.7-fold to 29.1-fold) and lastly the dewlap (2.6-fold to 5.8-fold; Table 5.4.2). 
 
The ShVP1s (generally well expressed in control tissues; Table 5.4.2) were consistently 
downregulated across YCS-affected tissues (Fig.5.4.3). This was especially in the LS 
lamina and midrib, followed by the ES lamina and dewlap (Table 5.4.2). 
 
Transcript levels of the type I H+-PPases showed the most impact in the midrib and LS 
lamina during YCS (Table 5.4.2; Fig.5.4.3). All Type I H+-PPases had a step-wise 
increase (ShVP2) or decrease (ShVP1) in expression during YCS-symptom progression in 
the lamina. This was more prominent in the H+-PPase ShVP2s (Fig.5.4.3). 
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Table 5.4.2 Changes in proton pump gene expression in sugarcane leaves during to yellow canopy syndrome (YCS) 
development. 
        Gene expression (average TPM of sample) Fold change in YCS from control 
    
  
Lamina Midrib Dewlap Lamina 
Midrib Dewlap   Transcriptome ID 
Open 
reading 
frame size 
(AA) 
Transme
mbrane 
domains Control 
YCS early-
stage (ES) 
YCS late-
stage (LS) Control YCS Control YCS 
YCS early-
stage (ES) 
YCS late-
stage (LS) 
H+-ATPases 
           
Subfamily I 
             
ShHA1-1 c80764f10p93314 956 8 43 ±4.5 36.3 ±4.8 11.7 ±2.6 42.8 ±4.1 11.5 ±1.2 50 ±4.7 25.2 ±2.5 -1.73 -7.79* -6.86* -2.23* 
ShHA1-1 (partial) c60984f1p01708 471 4 16.2 ±2.6 11 ±1.7 3.5 ±0.8 11.9 ±1.4 3.6 ±0.8 13.1 ±1.4 6.2 ±0.7 -2.15 -9.65* -6.08* -2.39* 
ShHA1-1 (partial) c84817f1p82720 793 6 24.5 ±4.8 16.2 ±2.2 7.4 ±1.4 24.6 ±4 8.5 ±0.8 29.4 ±1.3 19.8 ±1.8 -2.2 -7.07* -5.34* -1.68* 
ShHA1-2 c94298f1p23320 956 8 16.8 ±2.3 13.4 ±2.3 3.8 ±1.1 12.6 ±1.5 3.1 ±0.6 15.2 ±1.1 6.9 ±1.3 -1.82 -9.32* -7.51* -2.46* 
ShHA1-2 (partial) c5220f1p0544 81 0 48.3 ±6.8 33.2 ±5.2 7.8 ±2.3 28.8 ±5 7.7 ±0.8 28.8 ±2.6 14.2 ±1.3 -2.1 -12.82* -6.85* -2.3* 
    
             
ShHA3-1 c97351f1p23310 956 8 4.4 ±0.2 5.2 ±0.3 6 ±0.4 4.2 ±0.2 5.7 ±0.6 8 ±0.7 9.2 ±0.2 -1.27 -1.59* -1.37 1.02 
ShHA3-2 c95713f1p23117 956 8 2.8 ±0.3 2.7 ±0.2 5.9 ±0.6 2.2 ±0.2 5.3 ±0.6 4.9 ±0.3 5.8 ±0.3 -1.59 -1.05 1.27 1.04 
ShHA3-2 c91196f2p23291 956 8 2.1 ±0.2 2.5 ±0.5 4.3 ±0.7 2.4 ±0.3 3.5 ±0.4 4.4 ±0.6 6.4 ±0.5 -1.23 -1.05 -1.26 1.3 
ShHA3-3 c81015f5p43237 954 8 0.1 ±0 0.4 ±0.1 3 ±0.5 0.2 ±0.1 1.3 ±0.3 0.8 ±0.1 1.4 ±0.3 3.07 15.68* 3.52 1.44 
Subfamily II 
             
ShHA2-1 c80707f25p83378 951 9 31.1 ±2.2 71.7 ±4.8 120.7 ±13 33.3 ±2.9 68.7 ±7.4 36.6 ±2.7 47.9 ±3.6 1.56 1.78* 1.09 1.16 
ShHA2-1 c82982f1p03294 951 9 2.1 ±0.6 6.9 ±0.7 13.4 ±1.6 3.2 ±1 4.2 ±0.8 2.2 ±0.7 3.6 ±0.8 2.2 2.92* -1.48 1.45 
ShHA2-1 c96192f1p93429 951 9 3.5 ±0.5 7.9 ±0.6 26.1 ±3.3 5.8 ±0.9 8.3 ±0.8 5.5 ±0.5 6.8 ±0.7 1.53 3.41* -1.32 1.12 
ShHA2-1 c99800f2p13099 913 9 7.3 ±0.8 15.2 ±0.8 20.8 ±1.5 7 ±0.8 14.6 ±1.8 8.2 ±0.7 10.2 ±0.5 1.42 1.32 1.1 1.11 
ShHA2-2 c80752f6p93388 951 9 1.8 ±0.1 5.3 ±0.5 8.9 ±1.5 2.7 ±1 4.8 ±0.4 2.6 ±0.4 4.8 ±0.8 1.93 2.22* -1.08 1.66 
ShHA2-2 c91315f2p83386 951 9 2.1 ±0.1 8.4 ±0.3 15.5 ±2.4 2.1 ±0.4 8.2 ±1.2 4 ±0.5 7.6 ±0.7 2.73* 3.41* 2 1.68 
ShHA2-2 c94531f1p03451 951 9 2.6 ±0.2 5.7 ±0.3 6.3 ±0.3 2.7 ±0.2 5.1 ±0.4 3.7 ±0.4 4.4 ±0.2 1.46 1.12 1.05 1.07 
ShHA2-2 c91112f2p53393 951 9 5.9 ±0.6 13 ±1 23.3 ±2.7 6.1 ±0.4 10.6 ±1.4 6.9 ±0.3 9.7 ±0.9 1.5 1.83* -1.09 1.24 
ShHA2-2 (partial) c92342f1p02875 887 8 9.4 ±0.7 18.7 ±1.2 32.4 ±3.1 10.3 ±1.1 15.5 ±1.5 10.4 ±0.6 11.8 ±0.6 1.35 1.59 -1.26 1.01 
ShHA2-2 (partial) c84462f1p12354 663 5 8.3 ±0.9 17.3 ±1.1 32.5 ±4 9.2 ±0.9 14.4 ±1.2 9.1 ±1 12 ±1.2 1.42 1.81 -1.21 1.17 
ShHA2-2 (partial) c27796f1p01053 221 3 3.1 ±0.8 12.2 ±1.2 26.2 ±4.1 2.7 ±0.9 17.9 ±2.1 4.9 ±1.8 9.5 ±0.8 2.68 3.87* 3.59* 1.74 
ShHA2 (partial) c41099f1p0596 103 0 11.1 ±2 20.2 ±1.4 16.3 ±1.3 9.4 ±1 14.6 ±1.1 13.2 ±2 12.9 ±1.2 1.23 -1.47 -1.2 -1.14 
ShHA2 (partial) c24772f3p0626 86 0 9.2 ±1 12.2 ±1.6 19 ±1.5 8.1 ±0.4 15 ±2.2 7.9 ±0.8 10.1 ±0.5 -1.11 -1.05 -1.02 1.14 
ShHA2-3 c98040f1p03389 951 9 4.4 ±0.7 10.3 ±0.7 6.4 ±1.6 2.4 ±0.8 11.4 ±2 4.8 ±0.3 7.9 ±1 1.58 -1.45 2.53* 1.45 
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ShHA2-4 (partial) c83130f1p03401 982 8 3.5 ±0.3 7.3 ±0.5 9.9 ±1 3.5 ±0.4 6.3 ±0.8 3.9 ±0.3 5.1 ±0.2 1.43 1.32 -1.07 1.16 
ShHA2-5 (partial) c98598f1p03637 869 8 10.8 ±0.4 21.9 ±1.8 26 ±1.9 11.7 ±1.2 17.6 ±1.5 13.5 ±1.1 15.3 ±0.5 1.37 1.12 -1.26 1 
ShHA2-6 (partial) c99081f1p01008 160 2 3.1 ±0.4 7 ±0.5 8.1 ±0.3 1.4 ±0.2 6.7 ±0.8 3.6 ±0.3 3.4 ±0.2 1.51 1.2 2.42 -1.2 
    
             
H+-pyrophosphatases 
           
Type I 
             
ShVP2 c92756f1p42570 763 13 0.1 ±0.1 4.3 ±1.2 16.1 ±3.3 0.3 ±0.2 31.2 ±2.7 4.4 ±0.6 21.3 ±3.7 20.14* 52.07* 56.62* 4.31* 
ShVP2 c123085f15p92737 763 13 0.2 ±0 6.9 ±1.2 29.5 ±6.6 0.4 ±0.1 58.4 ±8.5 8.7 ±1 44.9 ±7.6 28.03* 81.57* 73.33* 4.61* 
ShVP2 c95931f1p03085 763 13 0.2 ±0 3.8 ±0.7 13.8 ±2.2 0.5 ±0.1 33.2 ±3.6 4.5 ±0.9 20.4 ±3.6 13.78* 34.11* 38.64* 4.06* 
ShVP2 c121850f10p92701 763 13 0.1 ±0 6.1 ±1.4 22 ±3.8 0.6 ±0.2 41.5 ±6.4 6.8 ±1.2 24.5 ±2.9 29.11* 72.89* 35.25* 3.26* 
ShVP2 c80750f9p112780 763 13 0.1 ±0 0.8 ±0.3 6.8 ±1.9 0.1 ±0.1 9.7 ±1.5 1 ±0.4 6.5 ±0.6 7.88* 45.82* 43.14* 5.81* 
ShVP2 (partial) c72689f1p11343 340 5 0.4 ±0.1 8.7 ±1.8 36.1 ±7.1 0.6 ±0.1 56.7 ±6.7 6.1 ±1 33.8 ±5.2 13.57* 38.88* 48.36* 5.01* 
ShVP2 (partial) c33586f1p01267 288 4 0.3 ±0.1 3 ±0.8 16.4 ±3.5 0.3 ±0.2 21.8 ±2.5 3.8 ±0.6 11.1 ±1.3 6.74* 25.76* 28.68* 2.63* 
    
             
ShVP1-1 c43626f1p12240 638 12 71.9 ±5.1 32.4 ±1.8 33.1 ±4.4 79.7 ±11.7 43 ±4.1 49.7 ±4.5 24.5 ±1.7 -3.27* -4.76* -3.45* -2.28* 
ShVP1-1 c93544f1p22729 766 14 57.2 ±4.8 26.3 ±1.6 23.5 ±2.4 61 ±11.8 38.1 ±3.8 42.1 ±3.6 23.8 ±3.7 -3.2* -5.32* -3.02* -2* 
ShVP1-1 (partial) c2454f2p11080 250 3 51.5 ±2.6 22.9 ±1.8 16.1 ±2 41.9 ±7.2 20 ±1.7 23.6 ±3.1 11.1 ±1 -3.32* -6.95* -3.89* -2.4* 
ShVP1-1 c105178f1p22335 667 13 15.4 ±1.9 5.1 ±1.3 6.6 ±0.4 8.2 ±4.7 5.3 ±3.7 11.7 ±3.1 5.5 ±3.1 -4.32* -5.07* -2.73 -2.47 
ShVP1-1 (partial) c19517f1p0864 204 3 3 ±0.2 3.5 ±0.3 6.9 ±0.6 2.2 ±0.3 7.9 ±0.7 2.5 ±0.4 4.7 ±0.5 -1.27 1.06 2.04 1.68 
ShVP1-4a c81156f2p02702 771 14 28.4 ±0.9 22.8 ±1 21.3 ±0.7 26.8 ±0.2 19.7 ±1.4 29.9 ±1.2 20.2 ±0.5 -1.83* -2.87* -2.54* -1.67* 
ShVP1-4a (partial) c76483f1p21443 376 7 26.8 ±2 19.6 ±1.1 23.6 ±2.1 28.3 ±3.4 14.5 ±1.1 20.3 ±1.4 11.7 ±0.9 -2* -2.46* -3.65* -1.95* 
ShVP1-4b c93029f1p22828 771 14 35.7 ±1.6 32.5 ±2 33.7 ±1.8 41.2 ±1.5 29 ±1.2 35.8 ±1.7 27.9 ±0.6 -1.62 -2.3* -2.66* -1.45 
ShVP1-4c c96866f1p12226 590 12 0.6 ±0.1 0.6 ±0.1 0.4 ±0.1 0.5 ±0.1 0.4 ±0.1 1 ±0.2 0.9 ±0.1 -1.5 -2.98* -1.89 -1.22 
ShVP1-4d (partial) c58639f1p02006 536 9 58.6 ±1.6 46.9 ±2.8 48 ±2.1 59.3 ±1.8 42.8 ±1.8 60.7 ±2.1 42.6 ±0.9 -1.84* -2.64* -2.59* -1.61* 
ShVP1-4 (partial) c49542f1p21086 242 4 17.2 ±1.7 18.2 ±1.3 19 ±1 20.9 ±2.7 15.1 ±1 17.3 ±0.7 11.9 ±1.2 -1.4 -1.98* -2.58* -1.63 
Type II   
             
ShVP3-1 c97832f1p13287 799 16 8.2 ±0.7 11.5 ±0.5 16.6 ±1.7 10.8 ±2 19.5 ±0.8 23 ±1.3 22.7 ±1.4 -1.05 -1.08 -1.04 -1.15 
ShVP3-1 c50394f9p73185 799 16 3.4 ±1 5.4 ±0.6 9.2 ±0.6 6.6 ±1.4 8.6 ±1.1 9.6 ±1.8 10.9 ±1.1 1.08 1.28 -1.44 1.02 
ShVP3-1 (partial) c96229f1p01048 280 4 3.3 ±0.2 2 ±0.6 2.4 ±0.8 1 ±0.5 1 ±0.4 3.3 ±0.9 1.1 ±0.4 -2.39 -2.97 -1.82 -3.51 
ShVP3-2 (partial) c69317f1p02109 586 12 2.2 ±0.2 3.3 ±0.4 5 ±0.4 2.8 ±0.3 4.8 ±0.5 6.5 ±0.6 5.1 ±0.3 1.02 1.06 -1.1 -1.44 
               
* fold-change with significant change (differential expression) from control, defined as false discovery rate (FDR)-corrected p-value <0.001.
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To establish whether either of the two groups of ShVP1 or ShVP2 were potentially linked 
to sucrose breakdown the expression of sucrose synthase (SUS) genes were analysed 
(Table 5.4.3). 
 
Sucrose synthase (SUS) 
Nineteen SUS genes were expressed in the tissues sampled. Nine aligned to sucrose 
synthase 1 of rice (UniProtKB: P31924) and were named ShSUS1 (of which three were 
partial protein coding sequences, and one with AA sequence variation named ShSUS1a; 
Table 5.4.3; Appendix VIII). Two SUS genes were named ShSUS2 based on similarity to 
sucrose synthase 2 of rice (UniProtKB: P30298), wherein each had slight AA changes and 
thus were named ShSUS2-1, -2 and -3 individually). Seven contigs (four of which were 
partial protein coding) were named ShSUS4 by AA sequence similarity to rice sucrose 
synthase 4 (UniProtKB: Q10LP5). These fell into three identical AA sequence groups 
named ShSUS4-1, -2 and -3, and two partial genes could not be separated into the three 
subgroups and were generically annotated ShSUS4. 
 
The most abundant transcript was the ShSUS4s, however, none of these were differential 
expressed during YCS development (Table 5.4.3).  
 
Two ShSUS1 genes were downregulated in YCS-affected tissues (Table 5.4.3). ShSUS1 
(transcriptome ID: c115017f2p72973) was downregulated -3.8-fold in ES lamina, and -8.1-
fold in the LS lamina. It was also downregulated -4.1-fold in midrib (but was unchanged in 
the dewlap). The other downregulated ShSUS1 (transcriptome ID: c102713f3p44436) was 
only affected in the midrib. 
 
The SUS1 which had a protein coding region slightly altered to the other ShSUS1 
transcripts, and only partially encoded the full SUS protein, ShSUS1a, was 394-fold 
upregulated in the YCS-affected midrib tissue, but unaffected in ES and LS lamina and the 
dewlap (Table 5.4.3). 
 
Of the ShSUS2 genes, one showed differential expression of downregulation in the midrib, 
however there was no change in other leaf tissues (Table 5.4.3). 
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Table 5.4.3 Changes in sucrose synthase gene expression in sugarcane leaves in response to yellow canopy syndrome (YCS). 
  
  
  
  
  
Transcriptome ID 
  
Open 
reading 
frame size 
(AA) 
Gene expression (average TPM of sample) Fold change in YCS from control 
Lamina Midrib Dewlap Lamina 
Midrib Dewlap Control 
YCS early-
stage (ES) 
YCS late-
stage (LS) Control YCS Control YCS 
YCS early-
stage (ES) 
YCS late-
stage (LS) 
Sucrose synthase (SUS) 
           
ShSUS1 c115017f2p72973 816 2 ±1.8 1.6 ±1.6 1.3 ±0.6 2.3 ±0.6 1 ±0.2 8.2 ±1.1 4.9 ±1 -3.81* -8.09* -4.16* -1.9 
ShSUS1 c102713f3p44436 816 1 ±1 0.9 ±0.8 0.7 ±0.4 1.7 ±0.4 1.5 ±0.2 10.4 ±1.1 7.9 ±1.2 -1.66 -3.03* -2.03 -1.47 
ShSUS1 c90355f8p113016 816 0.6 ±0.7 0.7 ±0.7 0.7 ±0.6 1.9 ±0.2 2.1 ±0.3 13.4 ±1.4 10.8 ±1.4 1.41 1.57 -1.74 -1.38 
ShSUS1 c108351f1p54425 816 0.5 ±0.5 0.4 ±0.5 0.4 ±0.3 0.7 ±0.1 1.1 ±0.2 5 ±0.5 4 ±0.4 -1.43 -1.67 -1.24 -1.39 
ShSUS1 c80748f4p123011 816 0.3 ±0.4 0.3 ±0.3 0.3 ±0.3 1.2 ±0.4 2.5 ±0.5 11 ±1.1 12.1 ±1.3 1.5 1.24 1.09 -1.01 
ShSUS1 c87566f2p02873 816 0.2 ±0.1 0.1 ±0.3 0.2 ±0.1 0.2 ±0.1 0.5 ±0.1 6.3 ±0.3 6.7 ±0.7 -1.54 -2.16 1.2 -1.07 
ShSUS1 (partial) c71489f1p01756 441 0.3 ±0.3 0.5 ±0.5 0.4 ±0.4 1 ±0.4 2.2 ±0.6 8.1 ±1.3 6.9 ±0.5 1.77 1.49 1.11 -1.33 
ShSUS1 (partial) c36015f2p11118 238 0.2 ±0.2 0.2 ±0.3 0.4 ±0.4 0.6 ±0.2 1.1 ±0.2 7.4 ±0.6 4.5 ±0.3 2.38 2.22 -1.07 -1.88 
    
            
ShSUS1a (partial) c96469f1p52803 759 0 ±0.2 0.4 ±0.5 0.5 ±0.6 0 ±0 3.7 ±0.8 6.5 ±0.6 9.8 ±1.2 8.76 11.47 393.98* 1.32 
    
            
ShSUS2-1 c93008f1p32673 792 1.9 ±2.6 3.1 ±3.6 3.8 ±4.1 5.8 ±1 3.5 ±0.3 6.5 ±0.4 4.9 ±0.4 -1.2 1.36 -3.14* -1.49 
ShSUS2-2 c119532f1p02948 802 1.1 ±1.5 1.8 ±2 2.2 ±2.9 2.8 ±0.5 3.6 ±0.3 6.1 ±0.5 4.6 ±0.8 -1.15 1.75 -1.47 -1.51 
ShSUS2-3 (partial) c63372f1p11403 380 2.4 ±3.3 4.5 ±5.1 5.6 ±7.4 5.7 ±0.9 7.4 ±0.6 15 ±0.4 11.6 ±1.5 1.17 1.43 -1.47 -1.46 
    
            
ShSUS4-1 c81016f2p32950 809 18.5 ±23.2 24.9 ±25.7 29.8 ±38.9 31.5 ±2 45.5 ±3.4 45.4 ±2.1 39.2 ±3.1 -1.25 1.2 -1.3 -1.31 
ShSUS4-1 (partial) c107890f1p01311 288 4 ±5.7 7.5 ±6.9 7 ±9 4.3 ±0.4 6.4 ±0.4 7.7 ±1.5 6.7 ±1 -1.76 1.19 -1.26 -1.28 
ShSUS4-2 c56453f1p13241 809 5 ±8.3 10.5 ±10.9 13.3 ±20.3 8.6 ±0.6 12.8 ±0.9 15.4 ±1.1 12.1 ±0.7 -1.13 1.39 -1.25 -1.43 
ShSUS4-2 (partial) c28628f1p01208 295 5.4 ±9.1 10.9 ±11.9 13.7 ±18.8 7.1 ±0.8 6 ±1.3 10.7 ±0.9 7.9 ±0.6 -1.33 1.3 -2.21 -1.53 
ShSUS4-3 c87962f1p22910 809 13.3 ±15.2 17.3 ±18.5 19.6 ±21.6 18.9 ±0.8 26 ±2 29.4 ±1.7 23 ±0.7 -1.58 -1.21 -1.35 -1.44 
ShSUS4 (partial) c28022f1p0543 43 2 ±2.1 2.7 ±2.7 2.8 ±3.1 5.2 ±1.1 5.6 ±0.6 4.6 ±0.6 4.2 ±0.8 -1.47 1.03 -1.7 -1.23 
ShSUS4 (partial) c16289f1p1501 40 1.2 ±3 4.2 ±4.7 5.6 ±9.3 2.6 ±0.4 6.4 ±0.5 6 ±0.4 4.1 ±0.7 -1.01 2.22 1.38 -1.68 
      
  
                  
* fold-change with significant change (differential expression) from control, defined as false discovery rate (FDR)-corrected p-value <0.001. 
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5.5 Discussion 
Gene expression associated with sucrose accumulation  
The data show that throughout the tissues sampled (lamina, midrib and dewlap), the 
genes investigated had consistent expression patterns in relation to YCS expression. This 
indicated the way the YCS-induced sucrose accumulation is sensed and acted upon was 
the same across the tissues investigated. Additionally, this reaction appeared to be 
concentration-dependent, whereby the midrib and LS lamina (i.e. those tissues which 
showed the greatest sucrose accumulation) also tended to have the greatest gene 
expression changes.  
 
In terms of the four sucrose transport-related proteins, the SWEETs, H+-ATPases and H+-
PPases showed distinct effects of YCS. Contrastingly, the SUTs showed the least 
expression change in response to YCS in the leaf tissues.  
 
 Movement of sucrose into the apoplast 
The differential expression of disaccharide-transporting SWEET transcripts (potentially 
involved in sucrose movement into the apoplast) were only evident during LS 
developments, and therefore not implicated in the early-stage of YCS development in the 
leaf lamina. ShSWEET13 transcripts showed downregulation in YCS-affected tissue of the 
LS lamina, midrib and dewlap. This could indicate an eventual decrease in sucrose 
movement from the symplasm of mesophyll and BS cells into the apoplastic space of the 
vascular tissue during YCS symptoms. 
 
One ShSWEET13 was downregulated in the dewlap, but not in the midrib or lamina. 
Further, two other ShSWEET13 transcripts were downregulated in both midrib and 
dewlap, however also not in the lamina. Recently, Maize ZmSWEET13s are found to 
localise predominantly to BS and vein-enriched preparations in flag leaves (Bezrutczyk et 
al., 2018). The dewlap, a conduit between leaf and sheath, does not represent a major site 
of local photosynthetically-synthesised sucrose, and indeed does not contain mesophyll 
cells. Similarly the midrib functions mainly as leaf structural support and vascular transport. 
ShSWEET13 downregulation in these tissues could be more prevalent due to 
concentration of vein-enriched tissues, and be indicative of changes in sucrose movement 
and reloading of the transport phloem during YCS-symptoms. 
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In Arabidopsis, similar phloem loading-related atSWEET11 and -12 are upregulated when 
sucrose export rate is high, and downregulated during osmotic stress (Durand et al., 
2018). Vascular tissue-related SWEET expression therefore shows gene expression 
regulation linked to sucrose export. It is possible ShSWEET13 downregulation is a result 
of slowed sucrose export during YCS symptoms. This could indicate ShSWEET13 gene 
expression is regulated by sucrose sensing. 
 
Interestingly, there was distinct upregulation of monosaccharide transporting ShSWEET1a 
and ShSWEET2a after visual YCS symptoms in the lamina, and in the midrib and dewlap. 
The ShSWEET1a-encoded protein sequence was similar to atSWEET1 of Arabidopsis, a 
plasma membrane hexose transporter (Chen et al., 2010). Such SWEETs can be 
transcriptionally induced by pathogens upon infection (Chen et al., 2010). However 
ShSWEET1a and ShSWEET2a were only differentially expressed in the late stage of YCS 
in the leaf lamina - after sucrose accumulation had taken place - suggesting their 
regulation was linked to cellular response to excess sucrose accumulation.  
 
On the other hand, ShSWEET2b was found to already be upregulated prior to symptom 
development in YCS-affected lamina, while also being upregulated after lamina symptom 
development and in the midrib and dewlap tissues. The ShSWEET2b-encoded protein 
was orthologous to rice OsSWEET2b. OsSWEET2b localises to the vacuolar membrane 
when expressed in yeast, and predominantly transports glucose rather than fructose (Tao 
et al., 2015). Early upregulation of ShSWEET2b may indicate enhanced glucose 
movement between cytosol and vacuole in YCS-affected leaf tissues.  
 
Additionally there was upregulation of ShSWEET4 transcripts, particularly the ShSWEET4-
1 variant which was increased in all tissues affected by YCS. The orthologous OsSWEET4 
in rice transports both glucose and fructose, and can be induced by glucose (Sosso et al., 
2015). Glucose induction of ShSWEET4 expression would be consistent with a cellular 
state of accumulated glucose found previously in YCS-affected leaves (Marquardt et al., 
2016; Chapter 2). 
 
There was also a distinct downregulation of ShSWEET3a genes in all tissues affected by 
YCS, wherein the level of downregulation was greatest in the late-stage YCS-affected 
lamina (LS), followed by the midrib, dewlap and lastly ES lamina. This suggests 
transcriptional regulation of SWEET3 linked to sugar, or sugar-related metabolites 
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elevated in YCS-affected tissue. Knowledge of function and location of clade I SWEETs 
(and particularly SWEET3) is limited (Julius et al., 2017). However they are known to 
facilitate the transport of monosaccharides rather than disaccharides (Eom et al., 2015). 
This information could be further investigated as a tool to understand sucrose sensing in 
different cellular locations. 
 
Dual function of the H+-Pyrophosphatases  
Of particular interest was the expression of the different Type I H+-PPase genes in YCS-
affected leaves. Two distinct protein sequence groups (coded by ShVP1 and ShVP2) 
showed clear and opposite differential expression in all YCS-affected leaf tissues types. 
Suggesting each transcript group encoded proteins which had fundamentally different 
localisation in YCS-affected leaves. The ShVP1 and ShVP2 genes identified and analysed 
here translated to type I H+-PPase which implies their similarity to AVP1 in function in 
Arabidopsis. 
 
The Arabidopsis type I H+-PPase AVP1 was first thought to localise to only vacuolar 
membranes in Arabidopsis, but later discovered to also localise to the cell plasma 
membrane (Sarafian et al., 1992; Langhans et al., 2001), and further to be present on the 
SE CC membrane and vital for the process of phloem loading (Paez-Valencia et al., 2011). 
AVP1 localization to SE CCs most likely functions to generate PPi within the CC through 
proton import from the apoplast (Fuglsang et al., 2011; Paez-Valencia et al., 2011; Pizzio 
et al., 2015). The PPi is then used to drive sucrose breakdown through to eventually 
generate ATP for use by H+-ATPase (Lerchl et al., 1995). 
 
Whether a H+-PPase sequence encodes a protein which localises specifically to CCs or 
elsewhere is not currently able to be differentiated through amino acid sequence. 
Therefore, it is important to note the H+-PPase expression investigated here would 
represent a composite of transcript from the many different cell types sampled in each leaf 
tissue collected. H+-PPases are present on the vacuolar, Golgi and plasma membranes in 
plants (Gutierrez-Luna et al., 2018; and references therein). Despite this, a clear difference 
in gene expression between H+-PPase amino acid similarity groupings took place in YCS-
affected tissues. 
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Work by Khadilkar et al. (2016) shows overexpression of AVP1 in Arabidopsis enhances 
the process of sucrose loading, and movement towards sinks, more than any other 
metabolism effects. Indicating the majority of AVP1 mRNA relates to H+-PPase function in 
this process, and localisation to the SE CC. This is in consensus with findings of rice H+-
PPase, OVP1, localising predominantly to the plasma membrane - rather than the vacuole 
- of SE CC complexes (Regmi et al., 2016). In this study, the ShVP1 transcripts had 
greater control leaf tissue expression (TPM) compared to ShVP2. ShVP1 showed 
downregulation in all YCS-affected tissues, which may indicate a decrease in phloem 
loading coinciding with reduced phloem sap movement towards sinks in in YCS-affected 
tissues. The ShVP2s, on the other hand, had generally low expression in controls, but 
showed strong upregulation in YCS-affected tissue. It is possible this homology group 
(ShVP2) represented vacuolar-membrane specific isoform of H+-PPase. In which case 
lends their function to PPi hydrolysis and vacuolar acidification during YCS. Analysis of 
which cell types H+-PPases are expressed and/or the localization of their encoded proteins 
may prove useful in understanding the effect of YCS on H+-PPase expression. 
 
H+-PPase gene expression is known to be regulated differently during plant developmental 
stages, tissue types and stress (Silva and Gerós, 2009). Indeed, during plant stress 
adaptation, PPi-dependent responses include the acidification of the vacuole being 
preferentially performed by H+-PPase over vacuolar H+-ATPase, by way of reducing ATP 
consumption (Gutierrez-Luna et al., 2018; and references therein). Further, type I H+-
PPase gene overexpression studies have linked H+-PPase transcript levels to crop 
improvement under different stress conditions (for recent review see Gaxiola et al., 2016). 
The first example of which was the overexpression of AVP1 leading to greater tolerance of 
salinity and drought in Arabidopsis (Roberto et al., 2001). This has been demonstrated in 
sugarcane (Kumar et al., 2014). This was coupled to 35SCaMV promoter expression, 
resulting in larger roots systems as well as a greater tolerance to salt and drought stress. 
 
The effect that the different regulation patterns of the investigated H+-PPases have on 
sucrose export from the leaf is uncertain. This is exacerbated by the complex role of PPi/Pi 
generation and use within the cytosol of different cell types, soluble and membrane-bound 
H+-PPase activity, and how this is influenced by stress (for recent review see Gutierrez-
Luna et al., 2018). 
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Additionally, phloem CC expression of sucrose synthase is expected to be linked to 
similarly-localised H+-PPase gene expression. Of the sucrose synthase genes investigated 
in this study, shSUS1 showed downregulation in YCS-affected ES and LS lamina, as well 
as midrib. In rice (Oryza sativa subsp. japonica), OsSUS1 is found in SE CC complexes 
(Regmi et al., 2016). ShSUS1 expression may therefore suggest a decrease of sucrose 
breakdown in SE CCs (consistent with ShVP1 downregulation). 
 
 H+-ATPase expression and phloem loading 
Three different groupings of plasma membrane H+-ATPase were studied and each 
showed some impact due to YCS symptoms in the leaf. Of particular interest was the 
consistent downregulation of ShHA1 transcripts (up to -12-fold) in the late-stage of YCS in 
the lamina and the transport tissues of the midrib and dewlap. However no change in 
expression was evident preceding symptom development in the leaf lamina (ES). This was 
notably also the case for the disaccharide transporting SWEET transcripts (ShSWEET13), 
and indicated gene expression reduction of ShHA1 - and indeed ShSWEET13 - was not 
triggered by the accumulation of sucrose and likely rather part of a downstream reaction to 
sucrose accumulation. 
 
Plasma membrane H+-ATPases are present in different cell types, and gene expression is 
concentrated where high rates of solute exchange takes place. In the leaf this is 
predominantly linked to the phloem, xylem parenchyma, and guard cells (Bouche-Pillon et 
al., 1994; Michelet and Boutry, 1995; Frías et al., 1996; Gaxiola et al., 2007). 
 
Both ShHA1 (subfamily I) and ShHA2 (subfamily II) showed similarly the greatest 
expression in control sugarcane leaf tissues. In maize tissues, the dominant plasma 
membrane H+-ATPase isoform is MHA2, which is part of subfamily II. The expression of a 
subfamily II H+-ATPase is broad across plant tissues (Falhof et al., 2016). MHA1 
(subfamily I) of maize shows similar expression levels between plant organs, however 
generally lower expression than MHA2 (Jin and Bennetzen, 1994; Santi et al., 2003). 
 
In order for a plasma membrane H+-ATPase gene regulation to be implicated in decreased 
phloem loading or reloading, a downregulation of protein activity, abundance or transcript 
must take place. ShHA1 was the only H+-ATPase showing downregulation across YCS-
affected tissues. If ShHA1 transcript is related to phloem SE CC complex H+-ATPase 
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expression, it would suggest a decrease in membrane potential generation, concurrently 
leading to decreased phloem loading of sucrose from the apoplastic space by SUT 
proteins. However based on transcript level, this only could have occurred in the late-stage 
of YCS in the leaf lamina.    
 
Studies on Nicotiana plumbaginifoli cosuppression of PMA4 (a subfamily II H+-ATPase and 
most expressed H+-ATPase in N. plumbaginifoli) led to 3-fold decrease in sucrose export 
to sink tissues and increases in soluble sugar levels in leaves (Zhao et al., 2000). This 
could link downregulated ShHA1 to reduced sucrose export during YCS development. 
However leaf soluble sugar increases observed by Zhao et al. (2000) were not in sucrose 
but rather in glucose and fructose likely due to invertase activity on built-up sucrose.  
 
Much H+-ATPase regulation research focus has been on post-translational regulation 
rather than that of transcription (for review see Falhof et al., 2016). For example, plasma 
membrane H+-ATPase activity is known to be regulated by autoinhibition, where activation 
is required by phosphorylation and the subsequent binding of 14-3-3 proteins. 
Investigation of H+-ATPase protein activity and phosphorylation state may therefore aid in 
the understanding of H+-ATPase regulation in YCS-affected tissue. Recently it has been 
shown that sucrose accumulation phosphorylates plasma membrane H+-ATPase in the 
mesophyll cells of Arabidopsis (Okumura et al., 2016). 
 
Transcriptional regulation of plasma membrane H+-ATPase occurs due to environmental 
stresses (Janicka-Russak, 2011; and references therein), such as salinity (Niu et al., 1993; 
Janicka-Russak and Kłobus, 2007), temperatures (Ahn et al., 1999; Ahn et al., 2000), 
heavy metal (Janicka-Russak et al., 2008), water (Surowy and Boyer, 1991) and 
mechanical stress (Oufattole et al., 2000). However much plasma membrane H+-ATPase 
gene expression regulation research has centred around roots, due to significance in plant 
nutrient uptake. 
 
It is possible ShHA1 is post-translationally downregulated in the early-stage of YCS in the 
leaf lamina, leading to a reduction in phloem loading, which eventually leads to signalling 
of the transcript downregulation (as seen in LS lamina, midrib and dewlap tissues). This 
would be consistent with downregulation of H+-PPase ShVP1, wherein PPi generation for 
sucrose breakdown would not be required to produce ATP for ShHA1 function. In order for 
ShHA1s involvement in phloem loading to be verified, localisation experiments of gene 
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expression and encoded protein, and activity state of encoded protein could provide 
confirmation. 
 
5.6 Conclusions 
The development of YCS symptoms and the accumulation of sucrose was not associated 
with changes in SUT gene expression. However SWEET expression changes were 
present in the early stage of sucrose accumulation. Of particular interest were the 
expressions of SWEET homology group SWEET2b; likely a preferential glucose-
transporter, and SWEET3; which is currently not well characterised in any plant (clade I 
SWEET). 
 
Two distinct reactions in gene expression of Type I H+-PPase were found; one 
upregulated and one downregulated. These reactions were consistent across two protein-
coding sequence homology groups.  
 
The gene expression data presented here indicated transcriptional regulation is unlikely to 
have caused a limitation in sucrose phloem loading or reloading. However, taken together, 
it is feasible YCS development coincided with a lack of loaded sucrose movement through 
the phloem to sink tissues. 
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Effect of sucrose accumulation on photosynthetic gene expression and protein in 
YCS-affected leaves  
 
Details 
Concept, design, data analysis, data interpretation, writing and reviewing of the chapter 
was carried out by A. Marquardt and candidate’s PhD advisors Prof R. J. Henry and Prof 
F. C. Botha. 
 
This chapter follows on from the investigation of gene expression relating to sugar 
transport of Chapter 5, which indicated a cause of sugar build-up in yellow canopy 
syndrome (YCS)-affected leaves was likely due to a reduction in photoassimilate export 
from leaves. This research chapter goes in the direction of the ‘downstream’ effects of the 
initial sugar build-up during YCS-onset in the lamina. This aims to determine the earliest 
changes that take place, which may function to detect YCS in its earliest form, build 
knowledge of feedback regulation of photosynthesis of sugars, and uncover potential 
targets for sugarcane productivity improvement in general. 
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6.1 Abstract 
Accumulation of sucrose and decreased photosynthesis in leaves are early symptoms of 
yellow canopy syndrome (YCS) in sugarcane (Saccharum spp.), likely caused by a 
decrease of sucrose export from the leaf. This study focussed on the early biochemical 
changes in gene expression and protein abundance that underpin these symptoms, which 
occur before visual symptoms are evident. Hexoses were elevated to a greater extent than 
sucrose, and malate levels were decreased in the early-stage (ES) of YCS-affected 
lamina. The levels of the photosystem II (PSII) core protein D1, and PsbQ of the oxygen-
evolving complex (OEC) decreased significantly during ES. Evidently, transcriptional 
control of the genes encoding these proteins were an early impact of the increase in 
sucrose, as the transcript levels also decreased significantly during ES. Notably this 
suggests both nuclear and chloroplast gene expression are effected early-on during YCS 
development. Transcript levels of primary carbon fixation reactions of carbonic anhydrase, 
phosphoenolpyruvate carboxylase, NADP malate dehydrogenase and pyruvate phosphate 
dikinase were decreased during ES. Especially expression of NADP malate 
dehydrogenase was downregulated. However, decarboxylation and secondary refixation 
enzymes (Rubisco) were not negatively regulated by the transcript or protein abundance 
level. PEP carboxykinase was upregulated in both gene expression and protein levels. 
The Calvin cycle in the bundle sheath was sensitive in the CP12 protein. Two isoforms of 
CP12 were found, one of which was downregulated, coinciding with a decrease in 
abundance during ES. Collectively the data indicate that the downregulation of 
photosynthesis (PSII and carboxylation) in the mesophyll cells was an early event during 
YCS symptom development. 
 
6.2 Introduction 
Sucrose accumulation in YCS-affected sugarcane leaf tissues, particularly in the midrib, is 
consistent with the effects of a lack of sucrose movement through the phloem. It is not 
thought to be associated with sucrose movement into the apoplast or loading of sucrose 
into the phloem in the lamina (Chapter 5). 
 
Build-up of sucrose in YCS-affected leaves leads to the downregulation of photosynthetic 
rate, and decreased internal CO2 and stomatal conductance, which precede visual 
symptoms of leaf yellowing (Marquardt et al., 2016; Chapter 2). Gene expression changes 
in the areas of the thylakoid membrane and photosynthetic process underlie these 
physiological effects (Chapter 4 and Marquardt et al., 2017; Chapter 3).  
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Similar downregulation of metabolism occurs in mutants of the C4 plant maize (Zea mays) 
which are defective in phloem loading, leading to sugar build-up in the lamina (Slewinski et 
al., 2009). In other species, sugar accumulation is known to lead to downregulation of 
expression of many photosynthetic genes (Stitt et al., 2010; Ainsworth and Bush, 2011).  
 
A reduction in sink strength also leads to reduced photosynthetic leaf metabolism in 
sugarcane (McCormick et al., 2008, 2008; McCormick et al., 2009; Ribeiro et al., 2017), 
mediated through a feedback regulation mechanism (McCormick et al., 2008). In 
sugarcane this feedback is at least in part due to decreased carbon fixation enzyme 
activities and abundance, where downregulation of Rubisco and PEP carboxylase (in 
some varieties) protein and protein activities occur (Lobo et al., 2015; Ribeiro et al., 2017). 
However photosynthesis-related gene expression changes associated with leaf sucrose 
accumulation in sugarcane has not been investigated specifically, although gene 
expression changes of invertases, sucrose synthase and sucrose phosphate synthase 
have recently been studied (Verma et al., 2017). 
 
Leaves are well adapt to handle fluctuations in sucrose levels, which occur during diurnal 
cycling. Much of this regulation is to protect the photosynthetic apparatus from photo-
oxidation due to lack of reduced coenzyme regeneration (Schottler and Toth, 2014; and 
references therein), which occurs through redox state signalling of photosynthetic electron 
transport (PET) in various forms, and subsequently photosynthetic control (Foyer et al., 
2012). The term photosynthetic control encompasses signalling pathways which ensure 
ATP and NADPH production by PET is coordinated in the short-term and long-term (Foyer 
et al., 2012). This involves retrograde signalling (plastid to nucleus) and photosynthesis-
related gene expression suppression. 
 
The process of photosynthesis, from CO2 fixation through to sucrose synthesis has 
multiple regulation points. These include the capturing of light in the PET chain, initial CO2 
fixation in the mesophyll, decarboxylation in the bundle sheath (BS), re-fixation of CO2 in 
the BS by Rubisco, Calvin cycle activity, and the partitioning of triose phosphate (TP). 
Generally the majority of TP in a source leaf BS cell chloroplast is exported to the cytosol 
for the production of sucrose. If the synthesis of sucrose exceeds export, as occurs during 
the greatest photosynthetic activity hours of the day, TP is repartitioned to make starch in 
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the BS chloroplast (in sugarcane). This serves to provide energy for dark reactions during 
the night through starch breakdown products. 
 
Leaf sugar accumulation in higher plants likely leads to the downregulation of a number of 
photosynthetic genes (Stitt et al., 2010). The gene expression of Rubisco subunits and 
some Calvin cycle enzymes is linked sugars (Paul and Pellny, 2003; Smith and Stitt, 2007; 
McCormick et al., 2008). 
 
Recent work by Lobo et al. (2015) shows exogenous sucrose supply to sugarcane leaves 
leads to a decrease in photosynthesis due to biochemical restrictions. Clear is the 
suppressive effect of exogenous sucrose supply upon PSII activity and CO2 assimilation. 
The authors conclude these impacts are most likely through the downregulation of Rubisco 
protein abundance and activity given neither PEPC protein activity nor abundance 
changes in vitro. It is speculated PEPC suppression may be mediated through in vivo-
dependent mechanisms. Following this, in vivo Rubisco inhibition through sucrose 
spraying is demonstrated, with evidence for PEPC activity reduction in sugarcane (Ribeiro 
et al., 2017). In both studies, sucrose was not elevated in concentration in the attached 
leaves provided with exogenous sucrose, although hexoses were generally elevated (Lobo 
et al., 2015; Ribeiro et al., 2017). 
 
YCS provides a unique model system in which to investigate the effect of sucrose 
accumulation, and its feedback effect, upon sugarcane leaf metabolism. Studies of leaf 
sucrose accumulation generally require techniques such as cell suspension cultures, 
exogenous sucrose feeding, leaf section removal or plant defoliation (Gonzali et al., 2006; 
Muller et al., 2007; McCormick et al., 2008; Heinrichs et al., 2012; Lobo et al., 2015; 
Ribeiro et al., 2017). This often leads to either non-physiological concentrations of sucrose 
or glucose introduction in the leaves, or a lack of their uptake into cells, showing a need for 
studies with a more targeted approach to sucrose feedback regulation (Van Dingenen et 
al., 2016). Stem girdling provides an alternative method without these hindrances. In 
sugarcane, stem girdling studies have investigated protein activity and abundance, 
however have not investigated gene expression changes (McCormick et al., 2008). 
 
If YCS occurs through lack of sucrose export from leaves (Chapter 5), this may have 
effects upon metabolism different to those observed during exogenous sucrose feeding 
(Lobo et al., 2015; Ribeiro et al., 2017). YCS-affected leaves represent a relevant model in 
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which to study sucrose feedback regulation upon photosynthesis in sugarcane. It 
represents a system of sucrose accumulation due to reduced leaf sucrose export through 
phloem movement, particularly as sucrose, as well as hexose, levels are found to be 
elevated in YCS-affected leaves (Marquardt et al., 2016; Chapter 2; Marquardt et al., 
2017; Chapter 3). 
 
Further, the productivity of sugarcane relies upon sucrose production and movement to 
sinks. Conditions which hamper this, such as feedback regulation of photosynthesis, are 
areas in which understanding can lead potentially lead to yield improvement. 
 
In this study we seek to understand the effects of sugar accumulation during YCS in 
affected sugarcane leaves, which lead to the known changes in leaf metabolism preceding 
yellowing symptoms (Marquardt et al., 2016; Chapter 2). In order to do this we investigate 
changes in transcript and protein abundance of some of the key components of 
photosynthetic control of the oxygen-evolving complex (OEC), PSII and PSI of PET, 
carbon fixation, decarboxylation, re-fixation (Rubisco) and the Calvin cycle. Through this 
approach we hope to find information regarding gene expression in the different 
compartments (i.e. plastid and nucleus), and sensitivity differences between mesophyll 
and BS enzymes during YCS-related sugar accumulation and photosynthetic feedback 
regulation in sugarcane leaves. 
 
6.3 Materials and methods 
Plant material, sample collection and processing 
Leaf sample collection was performed as described in Chapter 4. 
 
RNA isolation, sequencing & data processing 
As described in Chapter 4.  
 
Identification of genes of interest in sugarcane 
As described in Chapter 5. 
 
Proteome data collection and processing 
As described in Chapter 4.  
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6.4 Results 
Metabolites 
Sucrose accumulation was detected in leaf lamina without visual symptoms of YCS (early-
stage; ES) shown in Table 6.4.1. After symptoms developed (late-stage; LS), a greater 
concentration of sucrose had accumulated. A similar trend was found for trehalose.  
 
Both glucose and fructose levels increased significantly during ES, which were higher than 
that of sucrose. Interestingly, only fructose continued to increase during visual symptom 
development (Table 6.4.1). 
 
Malate, through which the majority of carbon shuttling occurs between mesophyll and 
bundle sheath (BS), was decreased in both ES and LS tissues of YCS-affected leaves 
(Table 6.4.1). The other carbon shuttle of asparate was only decreased in the LS (Table 
6.4.1). 
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Table 6.4.1 Metabolite fold-changes in yellow canopy syndrome (YCS)-affected leaf 
lamina compared to control leaf lamina. 
Metabolite 
Fold change from control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
  
  
Sugars and sugar phosphates 
  
Sucrose   1.4* 1.9* 
Glucose 10.7* 9* 
Fructose 8.4* 15* 
Glucose-6-phosphate -1.2 1.6* 
Trehalose  2* 5.3* 
  
  
Organic Acids 
  
Malate -3.9* -3.2* 
Aspartate -2.4 -1.5* 
      
* fold-change significantly different from control based on false discovery rate (FDR)-corrected p-
value <0.05 
 
Gene expression and protein abundance 
Light reactions 
PET chain components of the oxygen-evolving complex (OEC), PSII and PSI were 
investigated for any changes in ES and LS YCS-affected lamina. There was a distinct 
pattern of all components showing decreased expression early during YCS development 
(Fig.6.4.1). By the LS the majority were significantly (P<0.001) downregulated in their 
expression (values found in Appendix IX). 
 
It was clear the majority of transcript was contained within the PSII component (Fig.6.4.1), 
which was largely due to the D1 protein (ShPsbA; average control TPM value of 287,000). 
This showed distinct downregulation already in the ES, which represents a large decrease 
in lamina transcript. 
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Figure 6.4.1 Oxygen-evolving complex (OEC), photosystem II (PSII) and photosystem I (PSI) subunit gene expression change from 
control in pre-symptomatic (early-stage; ES) lamina, and post-symptomatic (late-stage; LS) lamina of yellow canopy syndrome (YCS)-
affected sugarcane leaves. Shown as log2(TPM+1) of average control sample expression (paled, top graph) and log2-fold change from 
control (fold change; bottom graph), for each protein coding sequence of OEC components of PsbO (light blue; ShPsbO; 10 genes), 
PsbP (purple; ShPsbP; 15 genes) and PsbQ (green; ShPsbQ; 14 genes), PSII components of PsbA (ShPsbA; D1; orange; one gene), 
PsbB (ShPsbB, where each also contained partials of ShPsbT, ShPsbN and ShPsbH; grey; six genes), PsbC (ShPsbC, where each also 
contained partials of ShPsbZ; yellow; four genes), and PSI components of PsaA and PsaB (ShPsaA, and ShPsaB genes were found on 
the same contig; dark blue; 15 genes). Asterisk symbol (*) denotes significant change in YCS-affected tissue from control based on false 
discovery rate (FDR)-corrected p-value <0.001. 
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The protein levels of PsbA, PsbO and PsbQ decreased significantly during YCS symptom 
development (Table 6.4.2). Noteworthy was the levels of these proteins were already 
significantly lower before visual symptom development. This data suggests there was 
significant transcriptional control involved in the levels of PsbA, PsbO and PsbQ. Where 
the PsbA gene is encoded in the chloroplast, and PsbO and PsbQ (as well as PsbP) are 
nuclear-encoded proteins.  
 
The photosystem I proteins of PsaA and PsaB -which are chloroplast-encoded genes - 
remained stable in abundance in the ES; only showing decrease in the LS. 
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Table 6.4.2 Photosystem II-related protein abundance fold-change from control 
lamina tissue in yellow canopy syndrome (YCS)-affected sugarcane leaves. 
Protein name Protein ID Transcript match 
Fold change in YCS from control 
YCS early-
stage (ES) 
YCS late-stage 
(LS) 
Oxygen-evolving complex (OEC)     
PsbO gi|383511664 ShPsbO -1.48** -5.51** 
PsbP gi|241919817 ShPsbP-1 1.04 -1.68 
  gi|241943027 ShPsbP-1 1.24 1.34 
  gi|241942239 ShPsbP-3 1.45 1.72 
  gi|241943649 ShPsbP-4 -1.17 -1.42 
PsbQ gi|241924815 ShPsbQ-1 -1.73** -4.8** 
  gi|767259517 ShPsbQ-1 -2.03** -3.74** 
  gi|241924197 ShPsbQ-2 -2.46** -7.93** 
  gi|992164844 ShPsbQ-3 -1.15 -2.27 
          
Photosystem II D1 (PsbA)     
PsbA (D1) gi|131248 ShPsbA -1.65** -4.17** 
  gi|893641155 ShPsbA -1.66** -3.94** 
          
PsbB (CP47) gi|7525520 ShPsbB 1.03 -2.44* 
          
PsbC (CP43) gi|595789840 ShPsbC -1.36 -3.21** 
  gi|893641161 ShPsbC -1.25 -3.67** 
  gi|221272410 ShPsbC -1.37 -3.61** 
          
Photosystem I     
PsaA gi|68052585 ShPsaA -1.09 -2.45** 
          
PsaB gi|68052586 ShPsaB -1.02 -2.42** 
          
** fold-change significantly different from control based on false discovery rate (FDR)-corrected p-
value <0.01 
 
Initial carbon fixation 
The process of carbon fixation in the mesophyll cells forms malate and aspartate for 
shuttling to the BS cells. Investigated were the cytosol-localised enzymes of carbonic 
anhydrase (CA), phosphoenolpyruvate carboxylase (PEPC), and the chloroplast-localised 
enzymes of NADP malate dehydrogenase (NADPMD), pyruvate phosphate dikinase 
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(PPDK), and PPDK regulatory protein (PDRP). Gene expression patterns of all were 
similar to that of the PET components analysed; a trend of early downregulation during 
YCS onset was observed which became significant in the LS (Fig.6.4.2). Distinctly, 
NADPMD transcripts - and two of PPDK - were already significantly downregulated in the 
ES (Fig.6.4.2; values in Appendix X). 
 
Protein abundances of initial carbon fixation enzymes did not closely reflect gene 
expression changes seen in ES lamina (Table 6.4.3). However reduced proteins levels of 
CA, PEPC, NADPMD were clear in the LS. Indicating transcript downregulation is not 
tightly linked to protein level changes for these enzymes. PPDK particularly showed very 
little change during YCS (catalyses the regeneration of PEP). 
 
However, one PDRP gene showed the opposite pattern; with an increase in expression 
which was significant by the LS (Appendix X). Further, the identified PDRP protein showed 
an early increase in abundance during YCS development (Table 6.4.3). PDRP catalyses 
both activation and deactivation of PPDK. 
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Figure 6.4.2. Initial carbon fixation in mesophyll cell gene expression change from control in pre-symptomatic (early-stage; ES) lamina, 
and post-symptomatic (late-stage; LS) lamina of yellow canopy syndrome (YCS)-affected sugarcane leaves. Shown as log2(TPM+1) of 
average control sample expression (paled, top graph) and log2-fold change from control (fold change; bottom graph), for each protein 
coding sequence of carbonic anhydrase (blue; ShCA; 27 genes), phosphoenolpyruvate carboxylase (purple; ShPPCA; 20 genes), NADP-
dependent malate dehydrogenase (green; ShMDHP; 11 genes), C4-specific pyruvate phosphate dikinase (orange; ShPPDK-C4; 13 
genes) and pyruvate phosphate dikinase regulatory protein (grey; ShPDRP; nine genes). Asterisk symbol (*) denotes significant change 
in YCS-affected tissue from control based on false discovery rate (FDR)-corrected p-value <0.001. 
125 
 
An alternative carbon shuttle used in sugarcane occurs through aspartate (approx. 20% of 
carbon is shuttled through this pathway under normal conditions (Moore and Botha, 2014). 
Aspartate aminotransferase catalyses the formation of aspartate from OAA in the 
mesophyll cytosol. Aspartate aminotransferase was investigated to determine if plasticity 
of the route of carbon shuttle occurs in YCS-affected lamina. Although aspartate 
aminotransferase gene expression cannot be uniquely attributed to C4-specific carbon 
shuttling, aspartate aminotransferase showed no gene expression change in ES, and was 
upregulated in the LS of YCS-affected tissue (values in Appendix X). While the protein of 
aspartate aminotransferase showed a greater abundance in both ES and LS tissue 
compared to controls (around 3-fold and 5-fold, respectively; Table 6.4.3). 
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Table 6.4.3 Initial carbon fixation-related protein abundance fold-change from 
control lamina tissue in yellow canopy syndrome (YCS)-affected sugarcane leaves. 
Protein name Protein ID Transcript match 
Fold change in YCS from control 
YCS early-
stage (ES) 
YCS late-stage 
(LS) 
Carbonic anhydrase (CA)     
  gi|992272912 ShCA 1.03 -2.35 
  gi|992272907 ShCA -1.15 -3.99** 
          
Phosphoenolpyruvate carboxylase (PEPC)     
  gi|10185175 ShPPCA 1.02 -3.5** 
  gi|21464596 ShPPCA 1.04 -3.36** 
          
NADP malate dehydrogenase (NADPMD)     
  gi|257700540 ShMDHP1 1.02 -1.53* 
  gi|992162922 ShMDHP1 1.03 -1.96* 
  gi|23954365 ShMDHP1 1.05 -1.54* 
          
Pyruvate phosphate dikinase (PPDK; C4 specificity unknown)     
  gi|108796050 ShPPDK-C4 1.4 -1.57 
  gi|992158630 ShPPDK-C4 1.04 -1.18 
          
PPDK regulatory (PDRP)     
  gi|992278000 ShPDRP2 1.55** 1.38 
          
Aspartate aminotransferase     
  gi|992273403 ShASP 3.5** 5.53** 
  gi|992273402 ShASP 2.79* 3.25* 
  gi|944242768 ShASP 1.14 1.34 
          
Indicated fold-change significantly different from control: 
* false discovery rate (FDR)-corrected p-value of <0.05 
** FDR-corrected p-value of <0.01 
 
 Decarboxylation 
Three known pathways of decarboxylation exist in plants: NADP-dependent malic enzyme 
(NADPME; chloroplast; through malate shuttle), NAD-dependent malic enzyme (NADME; 
mitochondrion; through aspartate shuttle) and PEP carboxykinase (PEPCK; cytosol; 
aspartate shuttle). Sugarcane predominantly uses the NADPME pathway in the bundle 
sheath cell chloroplasts (approx. 80% under normal conditions). The sugarcane reference 
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transcriptome (Hoang et al., 2017) contained transcripts for all three decarboxylation 
enzymes (Appendix XI).  
 
The enzymes of the predominant pathway in sugarcane, NADPME, did not show a distinct 
pattern of change in ES (Fig.6.4.3). However in the LS tissue, some transcripts were 
downregulated, while others were upregulated or displayed no significant change in 
expression. It was noted those six transcripts downregulated in LS had the greatest 
expression levels (TPM up to 192 in control) compared to the remaining transcripts (TPM < 
22.4 each). NADPME protein did not show any change between control and YCS-affected 
tissue, regardless of whether symptoms were present or not. 
 
The mitochondrial pathway of decarboxylation through NADMD and NADME was 
unaffected on a gene expression level in YCS-affected lamina, whether in the early- or 
late-stage of symptoms. However NADMD protein increased from control levels in ES 
tissue, but was as normal (control expression) in LS (Table 6.4.4). Protein for NADME was 
not found in the data.  
 
The PEPCK decarboxylation pathway (releases CO2 from OAA in BS cytosol) had five 
genes investigated. All five PEPCK protein-coding genes were upregulated preceding 
symptoms in YCS-affected lamina. After symptom development, two of five were also 
upregulated, albeit to a slightly lesser extent (Fig.6.4.3). This was a different trend to the 
protein data, wherein greater PEPCK protein was observed only in the LS tissue 
compared to control levels (Table 6.4.4). 
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Figure 6.4.3 Decarboyxlation pathways in bundle sheath cell gene expression change 
from control in pre-symptomatic (early-stage; ES) lamina, and post-symptomatic (late-
stage; LS) lamina of yellow canopy syndrome (YCS)-affected sugarcane leaves. Shown as 
log2(TPM+1) of average control sample expression (paled, top graph) and log2-fold 
change from control (fold change; bottom graph), for each protein coding sequence of 
NADP-depenedent malic enzyme (blue; ShNADPME; 26 genes), NAD-dependent malate 
dehydrogenase (purple; ShMMDH; seven genes), NAD-dependent malic enzyme (green; 
ShNADME; four genes) and phosphoenolpyruvate carboxykinase (orange; ShPEPCK; five 
genes). Asterisk symbol (*) denotes significant change in YCS-affected tissue from control 
based on false discovery rate (FDR)-corrected p-value <0.001.  
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Table 6.4.4 Carbon shuttling decarboxylation-related protein abundance fold-change 
from control lamina tissue in yellow canopy syndrome (YCS)-affected sugarcane 
leaves. 
Protein name Protein ID Transcript match 
Fold change in YCS from control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
NADP malic enzyme (NADPME) 
  
  gi|241927005 ShNADP-ME1 1.86 -1.75 
  gi|992158454 ShNADP-ME3 -1.3 -1.85 
  gi|241946019 ShNADP-ME4 -1.16 1.04 
  gi|992273258 ShNADP-ME6 1.01 1.83 
      
  
PEP carboxykinase (PEPCK)   
  
  gi|992281743 ShPCK 1.75 3.22** 
      
  
NAD malate dehydrogenase (NADMD) 
  
  gi|550576400 ShMMDH1-1 1.21 1.53** 
  gi|241946840 ShMMDH1-1 1.69 2.07 
  gi|944249946 ShMMDH1-2 1.14 1.6** 
  gi|992272946 ShMMDH2 1.12 1.15 
          
** fold-change significantly different from control based on false discovery rate (FDR)-corrected p-
value of <0.01 
 
Refixation 
The re-fixation of CO2 in the chloroplast of the bundle sheath through Ribulose 
bisphosphate carboxylase/oxygenase (Rubisco; EC:4.1.1.39) takes carbon into the Calvin 
cycle for production of glyceraldehyde-3-phosphate (G3P). Rubisco is made from two 
distinct components; the large subunit (RbcL) which is encoded in the chloroplast DNA as 
a single-copy gene, and the small subunit (RbcS) which is nuclear-encoded with multiple 
copies. The binding of Rubisco activase (RbcA) is also required for Rubisco activity. 
 
In the reference transcriptome, 36 RbcL contigs were found, of which 10 were suitable for 
further analysis (see criteria under Chapter 5, section 5.3). Theoretically only one RbcL 
transcript is expected. All ten were included in results and displayed >5 TPM from read-
mappings. Six of the 10 RbcL genes showed a frameshift in the protein-coding region. 
Further, two of the 10 genes (neither of which contained frameshifts) attracted the majority 
of the sequence reads; control tissue TPM values around 3,000 each (Fig.6.4.4; top 
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graph, values found in Appendix XII). This was considered relatively low for protein of such 
high abundance in plant leaves. The remaining eight genes had TPM values of 60 or less. 
 
In general the two RbcL genes which represented the greatest expression values, showed 
a slight decrease in gene expression change during YCS symptom development (not 
significant; Fig.6.4.4). 
 
The RbcL protein data contained six matches to RbcL. All had a trend of greater 
abundance during YCS, which was more pronounced in the early stages (Table 6.4.5). 
These data show a potential discrepancy exists between regulation of the RbcL transcript 
and its protein abundance in the chloroplast during YCS. 
 
The nuclear-expressed component RbcS did not show expression change in the ES, 
however downregulation was clear in the LS of YCS development (Fig.6.4.4). This was 
also apparent, although less clear in the LS, for RbcA transcript. 
 
Protein data of RbcS showed no difference from controls at any point in YCS 
development, while RbcA was decreased after visual symptom development (Table 6.4.5). 
Indicating a tighter link between RbcA transcript and protein than either RbcL or RbcS. 
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Figure 6.4.4 Ribulose bisphosphate carboxylase/oxygenase (Rubisco) components in 
bundle sheath cell gene expression change from control in pre-symptomatic (early-stage; 
ES) lamina, and post-symptomatic (late-stage; LS) lamina of yellow canopy syndrome 
(YCS)-affected sugarcane leaves. Shown as log2(TPM+1) of average control sample 
expression (paled, top graph) and log2-fold change from control (fold change; bottom 
graph), for each protein coding sequence of Rubisco large subunit (blue; ShRbcL; ten 
genes), Rubisco small subunit (purple; ShRbcS; 16 genes) and Rubisco activase (green; 
ShRbcA; 17 genes). Asterisk symbol (*) denotes significant change in YCS-affected tissue 
from control based on false discovery rate (FDR)-corrected p-value <0.001. 
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Table 6.4.5 Bundle sheath carbon re-fixation-related protein (Rubisco) abundance 
fold-change from control lamina tissue in yellow canopy syndrome (YCS)-affected 
sugarcane leaves. 
Protein name Protein ID 
Transcript 
match 
Fold change in YCS from control 
YCS early-
stage (ES) 
YCS late-stage 
(LS) 
Large subunit (RbcL) 
  
  gi|992154101 ShRbcL 2.41** 2.02* 
  gi|75290174 ShRbcL 1.56 1.23 
  gi|893641182 ShRbcL 6.04** 2.89 
  gi|144583488 ShRbcL 2.34** 1.78 
  gi|817992363 ShRbcL 3.43** 1.84 
  gi|164565025 ShRbcL 1.62 1.27 
      
  
Small subunit (RbcS) 
  
  gi|313150676 ShRbcS 1.27 -1.41 
  gi|397702095 ShRbcS 1.24 -1.11 
      
  
Rubisco activase (RbcA) 
  
  gi|241937171 ShRbcA 1.2 -2.01* 
          
Indicated fold-change significantly different from control: 
* false discovery rate (FDR)-corrected p-value of <0.05 
** FDR-corrected p-value of <0.01 
 
Calvin cycle 
Once carbon is directed into the Calvin cycle, G3P may be made; leading to triose 
phosphate (TP) which is partitioned into various carbon sinks as required (where the 
majority is sucrose under normal conditions). Activity of the Calvin cycle requires ATP and 
reductant in the form of NADPH, which is produced by PET. This is balanced through 
many mechanisms, and rooted in chloroplast thylakoid PET redox state. Required for the 
activity of some Calvin cycle enzymes is the CP12 protein which binds to each 
glyceraldehyde-3-phophate dehydrogenase (GAPDH), and phosphoribulokinase (PRK; EC 
2.7.1.19). Importantly, CP12 is known to be linked to Calvin cycle activity (Wedel et al., 
1997). 
 
Six genes encoding CP12 in two distinct amino acid sequence groups were observed, and 
named ShCP12-1 and ShCP12-2. Both groups contained the highly conserved key 
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features of CP12 protein of and N-terminal cysteine pair, a C-terminal cysteine pair, and 
core “AWD_VEE” sequence (Rodríguez-Celma et al., 2016). Amino acid alignment tree 
analysis showed ShCP12-2 branched closely to CP12-1 and CP12-2 of Arabidopsis, 
implying its categorisation as type I. While ShCP12-1 was branched separately, also with 
that of CP12-3 of Arabidopsis, a type II CP12. The proteome data contained matches for 
each sequence similarity group (Table 6.4.6). The three gene sequences of ShCP12-1 
showed greater general expression in control leaf lamina than the three of ShCP12-2 
(TPM between 16 and 47, and TPM <4.5 in ShCP12-1 and ShCP12-2, respectively; 
Fig.6.4.5, for values see Appendix XIII).  
 
All ShCP12-1 genes were downregulated in both ES and LS tissue (to a greater extent in 
LS; Fig.6.4.5). The protein was also lower in all YCS-affected tissue compared to control 
lamina (Table 6.4.6).  
 
Contrastingly, ShCP12-2 genes showed upregulation in YCS lamina, especially in LS 
where all three genes were between 7.8- and 21.9-fold of control expression. However the 
matching protein did not show any change from control tissue during YCS (Table 6.4.6). 
 
GAPDH was investigated in three forms; GAPDH A-type (GADA), GAPDH B-type (GADB) 
and NADP-dependent GAPDH (GAPN) within the reference transcriptome. GAPDH is 
known to be present in both cytosol and chloroplast, where the location of the protein for 
these transcripts was unknown. However, GADA and GADB are very similar in sequence, 
whereby GADB contains a C-terminus extension which displays homology to CP12 
(Lopez-Calcagno et al., 2014). GADB showed expression patter similar to that of ShCP12-
1 (downregulated in ES and LS) during YCS development (Fig.6.4.5). Whereas GADA and 
GAPN showed downregulation in the LS only. 
 
On the protein level, no identified GAPDH or PRK protein levels were different in 
abundance from the control in YCS-affected leaves. This was consistent with the 
regulation of Calvin cycle enzymes of GAPDH and PRK not being on a transcriptional 
basis. 
 
It was noted that another plastidic GAPDH, which showed homology to GADCP1 of 
Arabidopsis was upregulated in LS YCS-affected tissue. This was also mirrored as a 
protein abundance increase (2.46-fold greater than control in LS; gi|241931450).  
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Figure 6.4.5 Calvin cycle-related gene expression change from control in pre-symptomatic 
(early-stage; ES) lamina, and post-symptomatic (late-stage; LS) lamina of yellow canopy 
syndrome (YCS)-affected sugarcane leaves. Shown as log2(TPM+1) of average control 
sample expression (paled, top graph) and log2-fold change from control (fold change; 
bottom graph), for each protein coding sequence of CP12-1 (blue; ShCP12-1; three 
genes), CP12-2 (purple; ShCP12-2; three genes), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) A, (green; ShGADA; seven genes, GAPDH B (orange; 
ShGAPB; eight genes), NADP-dependent GAPDH (grey; ShGAPN; seven genes), 
phosphoribulokinase (yellow; ShPRK; eight genes). Asterisk symbol (*) denotes significant 
change in YCS-affected tissue from control based on false discovery rate (FDR)-corrected 
p-value <0.001.  
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Table 6.4.6 Calvin-Benson Cycle-related protein abundance fold-change from 
control lamina tissue in yellow canopy syndrome (YCS)-affected sugarcane leaves. 
Protein name Protein ID 
Transcript 
match 
Fold change in YCS from control 
YCS early-
stage (ES) 
YCS late-stage 
(LS) 
Calvin cycle, CP12 
  
  gi|241914917 ShCP12-1 -3.58** -6.47** 
  gi|241921836 ShCP12-2 1.09 1.3 
      
  
Glyceraldehyde-3-phosphate, chloroplastic 
  
  gi|992164531 ShGADA 1.26 -1.44 
  gi|992164528 ShGADA 1.69 1.03 
  gi|992164532 ShGADA 1.53 -1.07 
  gi|992164527 ShGADA 2.32 1.16 
  gi|992282296 ShGADB1 1.53 -2.14 
  gi|1036639003 ShGAPN 2 1.56 
  gi|164414441 ShGAPN 2 1.85 
      
  
Phosphoribulokinase (PRK) 
  
  gi|992170618 ShPRK 1.27 1.46 
  gi|992170617 ShPRK 1.35 -1.26 
          
Indicated fold-change significantly different from control: 
* False discovery rate (FDR)-corrected p-value of <0.05 
** FDR-corrected p-value of <0.01 
 
6.5 Discussion 
It is known that preceding symptom development, there is decreased photosynthetic 
activity and carbon fixation in YCS-affected leaves as a result of sucrose accumulation 
(Marquardt et al., 2016; Chapter 2). The data obtained in this study provided 
understanding of whether biochemical restrictions were present underneath these 
observed physiological changes. Namely whether changes in gene expression and/or 
protein abundances relating to photosynthetic electron transport (PET), the C3 and C4 
carboxylation processes, decarboxylation and Calvin cycle were in effect before visual 
symptoms developed. These represent early impacts of sucrose-induced feedback 
regulation upon photosynthesis in sugarcane leaves. 
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We found distinct gene expression regulation and protein abundance differences in OEC, 
PSII and PSI components of PET, the mesophyll carbon fixation process, as well as 
regulation of the Calvin cycle. However enzymes involved in decarboxylation reactions and 
C3 carboxylation (Rubisco) activity remained largely unaffected until after yellowing of the 
lamina was present. This indicated sucrose feedback regulation did not initially target BS-
localising proteins of Rubisco, nor those required for decarboxylation of malate. 
Intriguingly, Rubisco large subunit protein (RbcL) was found to increase in the early-stage 
of YCS in the lamina. 
 
 Rubisco protein abundance and transcription are not initial impact points of sucrose 
feedback regulation 
Rubisco gene expression remained stable despite YCS onset leading to substantial PET 
gene expression effects. Rubisco catalyses what is considered the rate-limited limiting 
step of the Calvin cycle (carboxylation of Ribulose bisphosphate; RuBP), present only in 
the stroma of the chloroplasts in BS cells. 
 
Rubisco is known to decrease in activity and abundance as a result of exogenous sucrose-
spraying in leaves of sugarcane (Lobo et al., 2015; Ribeiro et al., 2017). The authors 
concluded the C3 pathway of carboxylation with Rubisco is regulated by leaf sucrose 
feedback mechanisms (Lobo et al., 2015), in addition to the C4 pathway of PEPC in the 
mesophyll (in vivo only; Ribeiro et al., 2017). 
 
Although RbcL showed a trend (not significant) of decreased gene expression (not seen in 
RbcS and RbcA) in the early stages of YCS development, the RbcL protein was found to 
be increased in abundance in ES. RbcL is chloroplast-encoded, requiring post-
translational modifications such as ATP-consuming, chaperone-dependent folding (Hauser 
et al., 2015; and references therein). Rubisco small subunit (RbcS) and activase (RbcA) 
are nuclear encoded. 
 
Based on the literature, it is unexpected for any upregulation of RbcL to take place in 
tissues with decreased photosynthetic rate, as is known to occur in the early stages of 
YCS in the lamina (Marquardt et al., 2016; Chapter 2). One explanation may be the 
substantial amount of Rubisco protein which exists in leaf lamina compared to other 
protein (approx. 20% of soluble protein in sugarcane in Lobo et al., 2015); where a 
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decrease in total leaf protein (which occurs during senescence and YCS; Sugar Research 
Australia, unpubl. data) leads to an increased concentration of protein which is analysed 
(more cells used to make up a sample). This may lead to Rubisco protein increase 
compared to control tissue being reported, especially as RbcL protein is retained while 
others are degraded. However, it is observed RbcL protein is contained within granules 
during oxidative stress (due to high light) in Chlamydomonas reinhardtii (Uniacke and 
Zerges, 2008). The granule structures also contain small ribosomal subunits, and PsbA 
and PsbC transcripts. Further, in wheat leaf pieces exposed to continuous light without 
external CO2, a fragment of Rubisco accumulates which is slightly smaller in size than 
RbcL (Herrmann and Feller, 1998; Thoenen et al., 2007; Feller et al., 2008). In order to 
gain understanding of the rise in RbcL protein in this study, same-area leaf sections could 
be analysed for protein abundance in proteome analyses. 
 
Regardless, it is considered unlikely the elevated RbcL protein level represented an 
increase of Calvin cycle activity. It is known stomatal conductance and photosynthesis are 
reduced in YCS-affected lamina preceding symptom development (Marquardt et al., 2016; 
Chapter 2), implying decreased Calvin cycle activity due to lack of substrate. This is further 
supported by an early reduction in malate in YCS-affected leaves, without a distinct rise in 
aspartate (the alternative C4 carbon shuttle). 
 
While Rubisco is a relatively stable enzyme once assembled (for Rubisco biogenesis and 
function review see Hauser et al., 2015), its assembly and activity is regulated post-
transcriptionally in multiple ways, including the binding of activase, and activase cofactor 
presence. These requirements are influenced by redox state of PET through ATP/ADP 
ratio and the presence of Pi in the chloroplast. However, studies in other plant systems 
have shown that metabolism changes surrounding carbohydrate in cells affects the 
nuclear-encoded RbcS expression (not a reduction in sucrose movement; Krapp et al., 
1993). 
 
In sugarcane leaves with elevated photosynthetic rate (via source-sink balance 
manipulation), increased expression of RbcL, as well as RbcS and RbcA occurs as a long 
term adaptation (between 6 and 14 days; McCormick et al., 2008). Rubisco protein 
increases with partial shading of sugarcane leaves, with or without the addition of 
exogenous sucrose feeding have been found in some varieties (Ribeiro et al., 2017). This 
shows on both a gene expression and protein level - Rubisco is upregulated when sink 
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demand is high. On the other hand, Rubisco activity is prone to inhibition by sugar 
phosphates (Bhat et al., 2017). And is reduced during a wide range of abiotic stresses 
including high temperature (through CO2 limitation) and water deficiency (through RbcA 
activity limitation; Perdomo et al., 2017). 
 
It is clear Rubisco regulation is complex and affected by many physiological states. The 
data presented here indicate transcriptional control of Rubisco was not an early impact of 
sugar accumulation in the lamina, nor that Rubisco protein levels were decreased, which is 
in contrast to previous findings. This may be attributed to differences in effect between 
exogenous sucrose feeding experiments (where sucrose was not elevated in lamina) and 
that of reduced phloem translocation leading to sucrose accumulation during YCS 
development. Determining Rubisco activity changes during YCS onset may provide 
additionally clarification of the carboxylation activity of the BS cells.  
 
Chloroplast and nucleus photosynthetic gene expression display early sensitivity to YCS 
The data show when sucrose, glucose and fructose were elevated in the early stage of 
YCS development, clear changes in both gene expression and/or protein abundances of 
key components of the OEC, PSII and PSI of the PET chain of the chloroplasts were 
present. This showed both coarse-, as well as fine-control of these processes as an early 
change during sugar accumulation of YCS onset. 
 
The PSII D1 gene (PsbA) is chloroplast-expressed whereas the OEC components are 
nuclear-encoded, which indicates that both compartments receive signals that result in the 
regulation of gene expression in the early-stage of YCS onset. It is possible this takes 
place either by signalling between chloroplast and nucleus, through both compartments 
reacting to cytosolic signalling of sucrose elevation (whether in the apoplast or cytosol) 
simultaneously.  
 
Transcriptional regulation of photosynthesis-related genes is mediated through multiple 
pathways. Retrograde (plastid-to-nucleus) and anterograde (nucleus-to-plastid) signalling 
allows reactive expression changes triggered by one compartment, to affect gene 
expression in the other compartment (for recent review of retrograde signalling control of 
photosynthesis see Dietz et al., 2018). Wherein altered transcription of photosynthesis-
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associated nuclear genes (PhANGs) may blanket-effect upwards of 50 chloroplasts (in 
mesophyll cells, often less in bundlesheath). 
 
Retrograde signals are an area of strong research interest. One major form is through 
reduction state of the plastoqunione pool, which reflects the redox state of PET. The redox 
state of photosynthesis is under constant fluctuation during normal daily leaf light 
interception fluctuations through shading etc. where stress events particularly require tight 
regulation of groupings of genes in the nucleus (Fey et al., 2005). For chloroplast-to-
nucleus signalling review see Kleine and Leister (2013). 
 
It is likely retrograde signalling (chloroplast-to-nucleus) would trigger PhANG gene 
downregulation seen in the data during the early stages of YCS. For this to take place, 
sugar elevation is suspected to be present in the cytosol in YCS-affected lamina (likely due 
to backfill from reduced phloem movement; Chapter 5). Consistent with this is the 
observed elevation of trehalose in the lamina. Where the precursor to trehalose, trehalose-
6-phosphate (T6P) is tightly linked to cellular sucrose levels (Lunn et al., 2006; Yadav et 
al., 2014) and signals various regulatory effects as a result. Cytosolic sucrose elevation 
would lead to sucrose storage in the vacuole and substantial metabolic perturbance 
leading to expression changes linked to sugar signalling (eg. through T6P inhibition of 
SnRK1 (for recent sugar signalling reviews see Griffiths et al., 2016; Li and Sheen, 2016; 
Wingler, 2018). It is not specifically known if cytosolic sugar level/derivative signalling itself 
leads to a downregulation of PhANGs, unrelated to retrograde-signalled downregulation.  
 
However, sucrose itself is present in the chloroplast (Gerrits et al., 2001). It is shown in 
mutant Arabidopsis seedlings with increased plastidic investase activity represses PET 
chain function and PhANGs (Tamoi et al., 2010). This indicates sucrose and its breakdown 
into hexoses in the chloroplast may be an important regulatory step during sucrose 
feedback regulation in cells. 
 
How sucrose accumulation in leaf lamina impacts on various compartments and signalling 
is an area of strong research interest and may be beneficial in maximising crop yields 
through understanding and manipulation of photosynthesis feedback regulation of sugar 
(O'Hara et al., 2013). 
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Mesophyll processes show greater early impact of YCS 
The ES showed a trend of decreased gene expression for enzymes of the carbon fixation 
process in the mesophyll (CA, PEPC, NADPMD, PPDK, PDRP). Of these, significantly 
early downregulated (as opposed to just trend; Fig.2) was only NADPMD. 
 
This was not shared by BS–specific decarboxylation proteins of NADPME and re-fixation 
proteins of RbcS and RbcA (RbcL showed slight trend of decreased expression) during 
YCS onset. These results may suggest a preferential retention of BS chloroplasts/related 
gene expression over mesophyll in the early-stage of YCS onset. It is noted vascular 
function retention is a feature of senescence, in order to support the salvation of nutrients 
through their export from the senescing leaf for use by the surviving tissues (for 
comprehensive review of senescence process see Lim et al., 2007). 
 
Gene expression and protein abundance link 
Of the proteins investigated, a close relationship between gene expression change and 
protein abundance change was only observed for ShPsbA (PSII D1), ShRbcA and 
ShCP12-1. This suggests that gene expression is a fundamental control point in the 
regulation of these proteins. Spanning both chloroplast and nuclear genomes. 
 
All together, the data indicate that although mesophyll-enriched proteins of the major 
process of initial carbon fixation show a stronger downregulation than those of the BS, 
both cell types show early reactions to YCS onset. It is possible mesophyll cells are 
functionally downregulated earlier than BS during sugar accumulation through the 
beginnings of the senescence process. It is well known sugar accumulation in leaves 
triggers senescence. 
 
NADPMD, PEPCK and CP12 gene expression are tightly regulated in YCS 
NADPMD 
NADPMD displayed the most significant differential expression (downregulated) in the 
early stage of YCS of the carbon fixation enzymes. 
 
NADPMD functions by converting OAA to malate in the mesophyll chloroplast (may also 
function in reverse). The produced malate is shuttled out of the mesophyll chloroplast and 
into the bundle sheath chloroplast to be decarboxylated for use by Rubisco. This 
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represents approx. 80% of the carbon shuttled in sugarcane C4 photosynthesis, the 
majority of the remaining is through aspartate (Moore and Botha, 2014). 
 
Unlike other carbon fixation-related enzymes of PEPC or PPDK, NADPMD is a redox 
activity-regulated enzyme, which showed clear downregulation on a gene expression level 
as an early reaction to YCS onset.  
 
NADPMD activity in the chloroplast is regulated by the ferredoxin–thioredoxin system 
(Buchanan, 1980; Scheibe, 2004), and inhibited by NADP+ and inhibition removed by 
NADPH on a protein level. Additionally NADPMD is the enzyme which functions in tandem 
with the malate valve on the chloroplast membrane. The malate valve exports malate from 
chloroplast to cytosol and plays an important role in balancing the chloroplast NADPH/ATP 
ratio (Scheibe, 2004; Hameister et al., 2007). Therefore NADPMD activity, and the linked 
export rate of malate from the chloroplast, decreases when NADPH level is limited. A 
reduction in PET activity (as found already in the early stage of YCS) is likely to lead to a 
reduction in NADPH levels. 
 
NADPMD gene expression (nucleus-encoded) is known to be influenced under various 
conditions. For example, where CO2 is elevated, tobacco plants showed perturbed redox 
state where NADPH is required over ATP, with a downregulation of NADPMD mRNA 
(Backhausen and Scheibe, 1999). Alternatively, when Arabidopsis plants are exposed to 
high light combined with reduced temperature, leading to a state of over-reduction, 
NADPMD is upregulated within hours on both the transcript and protein level (Becker et 
al., 2006). However these examples are of both C3 species which lack spatial separation 
of CO2 fixation and Rubisco re-fixation. 
 
Because NADPMD showed reduced expression in the early-stage, and its protein is 
regulated in a PET redox-state manner, it suggests NADPMD may be a crucial enzyme in 
the photosynthetic control response of the nucleus to sucrose accumulation in the lamina. 
 
 PEPCK 
Also interesting was the early increase in PEPCK transcript and protein abundance. 
PEPCK activity likely represents only a small portion of CO2 release for photosynthetic 
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function; PEPCK is also involved in gluconeogenesis. An upregulation of gluconeogenesis 
is consistent with a state of cellular sugar accumulation in the lamina.  
 
Alternative decarboxylation pathways are important for plasticity of photosynthesis during 
changing environmental conditions (Wang et al., 2014; Sales et al., 2018). Although, gene 
expression analysis of PEPCK in mature leaves of sugarcane by (Calsa and Figueira, 
2007) shows greater expression of PEPCK than NADPME. This is in contrast to the data 
presented in this study (Appendix XI). However, the PEPCK decarboxylation pathway is 
technically more efficient as it uses less quanta per CO2 molecule fixed than the NADPME 
pathway (Furbank, 2011).  
 
In C3 PEPCK decarboxylation plant types, PEPCK is also known to localise to the phloem 
(Chen et al., 2004). It is possible the observed upregulation may not be representative of 
changes in mesophyll/bundle sheath carbon shuttling for photosynthesis but rather to do 
with phloem metabolism perturbances. Further investigation in this area may be of use for 
linking sucrose and its downstream metabolic effects. 
 
 CP12 
The data show CP12-1 had distinct gene expression and protein abundance 
downregulation in the ES in the lamina. Although a second identified CP12 (ShCP12-2) 
was identified, its transcript was generally (in control tissue) very lowly expressed 
compared to ShCP12-1 suggesting its unlikelihood to be involved in normal Calvin cycle 
function (unless mRNA for this enzyme is rapidly utilised). However, ShCP12-1 was that 
which matched more closely to photosynthetically required CP12s in Arabidopsis (CP12-1 
and CP12-2) in amino acid sequence (data not shown). 
 
CP12 is known to be tightly linked to Calvin cycle activation state and activity (for review of 
CP12 role in photosynthetic regulation see Lopez-Calcagno et al., 2014). It is redox-
sensitive, representing at least one aspect which links PET and Calvin cycle activity 
(Lopez-Calcagno et al., 2017). CP12 forms a complex with Calvin cycle enzymes GAPDH 
and PRK. Interesting was similarity in gene expression regulation of ShCP12-1 and 
ShGADB. Some chloroplast proteins contain a C-terminus extension which display 
homology with CP12 amino acid sequence. One such is the A2B2 GAPDH B-type subunit 
(Scheibe et al., 2002; Sparla et al., 2002; Marri et al., 2014).  
143 
 
 
If ShCP12-1 expression data here was an accurate measure of Calvin cycle activity, it 
suggests a reduction in Calvin cycle activity occurred early during YCS onset and this was 
linked to nuclear gene transcription of the chloroplast-localised Calvin cycle, without 
distinct changes in gene expression of Rubisco subunits nor its activase. 
 
 YCS Model 
Although it is difficult to discern metabolite, protein and gene expression changes which 
occur between cell types of a homogeneous mix of leaf lamina, it does allow for 
understanding of overall shifts in metabolism. It is clear a distinct rise in sucrose and 
hexoses is found in the early stages (pre symptomatic lamina) of YCS-affected leaves, and 
this is likely to mediate the biochemical responses discussed here. 
 
Noted differences between YCS sucrose accumulation and previous source-sink and 
sucrose feeding investigations (Lobo et al., 2015) was the lack of effect upon Rubisco 
protein abundance and transcription in the lamina despite clear feedback regulation upon 
photosynthesis already in effect (Fig.6.4.1). It is previously found sugar inhibits sugarcane 
photosynthesis through downregulation of Rubisco synthesis and activity (Lobo et al., 
2015). Here we show this downregulation is not attributed to Rubisco subunit gene 
expression or protein abundances, and may be linked purely to assembly, activity state or 
substrate availability. Worth noting is during exogenous sucrose feeding experiments by 
Lobo et al. (2015), PSII activity is decreased, although maximum quantum yield (i.e. 
number of capable PSII units) was unaffected, implying a downregulation of PSII 
components was not taking place. YCS-affected leaves display a delta K peak in dark-
adapted fluorescence readings, indicating a decrease in functional PSII units (Marquardt et 
al., 2016; Chapter 2). This represents a distinct difference in effects between sucrose-
spraying induced feedback regulation (wherein sucrose levels were not elevated; Lobo et 
al., 2015), and YCS-associated feedback regulation upon photosynthesis in sugarcane 
leaves. 
 
Found here was sucrose accumulation did not lead to reduced Rubisco protein abundance 
or transcription in lamina, despite clear feedback regulation upon photosynthesis being in 
effect (Fig.6.4.1) 
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Sucrose and hexose metabolism perturbation through accumulation might lead to futile 
cycling between sugars in the cytosol, which restricts photosynthesis through reduced Pi 
levels inside chloroplasts (Paul and Pellny, 2003). These changes all result in 
compartmental and cellular shifts in NADPH/NADP+, ATP/ADP and PPi/Pi ratios which 
can have widespread effects upon many reactions and enzyme activity states (Paul and 
Foyer, 2001; Rolland et al., 2002; Rolland et al., 2006). Moreover, transporters such as 
phosphate exchange translocators on compartments membranes, such as triose 
phosphate, phosphate translocator (TPT) and glucose-6-phosphate, phosphate 
translocator (GPT) require cytosolic import of Pi into the chloroplast in order to export their 
respective metabolites from chloroplast to cytosol. Cytosolic Pi limitations caused by a 
greater presence of phosphorylated intermediate metabolites (eg. G1P, G6P) through 
sucrose backfill may therefore restrict Calvin cycle product export, and also chloroplastic 
Pi levels. 
  
From the literature it is known sugars may regulate nuclear genes, especially PhANGs 
including the chlorophyll a/b binding protein and RbcS, in order to feedback regulate 
photosynthesis (Krapp et al., 1993). In sugarcane leaves, exogenous supply of sucrose, 
cold-girdling, defoliation and shading experiments have all shown sucrose or derivative 
hexose build-up downregulates photosynthesis (McCormick et al., 2008, 2008; Inman-
Bamber et al., 2011) This is shown in higher plants in general, and to leads to suppression 
of related photosynthetic genes (Krapp and Stitt, 1995), including Rubisco and other 
Calvin cycle enzymes (Paul and Pellny, 2003; Smith and Stitt, 2007; McCormick et al., 
2008).  
 
In Arabidopsis many chloroplast genes are shown to respond to external sucrose feeding 
within 24hr, including D1 of PSII and NADPH DH (Van Dingenen et al., 2016). Additionally, 
within 3hrs, genes such as the chloroplast membrane GPT, GPT2, are induced. It is worth 
considering that these approaches manufacture elevated sugars often in non-physiological 
concentrations of glucose or sucrose (Van Dingenen et al., 2016). YCS represents a 
closed system in which sucrose accumulation within leaves and its effects upon different 
cellular compartments may be studied. 
 
Despite the complexity involved, it is clear substantial photosynthetic control takes place in 
the early-stages of YCS development in the leaves, and that this is tightly linked to 
carbohydrate metabolism triggered by the build-up of sugars in the lamina. 
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6.6 Conclusions 
Here we identified clear biochemical changes were present in the early stages of YCS 
onset, likely induced by elevated sucrose in the lamina due to reduced phloem movement.  
 
Disruption to PET through downregulation of PSII protein D1 and OEC components were 
found to underpin the known YCS symptoms of decreased photosynthetic rate and PET 
disruption. These occurred before visual leaf yellowing was evident. A strong correlation 
between changes in transcript and protein for the PSII component of D1 indicated its 
regulation is through transcriptional control. 
 
Initial carbon fixation in the mesophyll was downregulated on the gene expression level, 
particularly through NADPMD; a redox regulated protein which functions closely with the 
malate valve of the chloroplast envelope. This downregulation was not shared by 
decarboxylation or secondary carbon fixation enzyme transcript of the bundle sheath. The 
data indicate that the secondary carbon fixation in the bundle sheath is probably regulated 
by substrate availability rather than through gene expression. Further that during sugar 
feedback regulation, dominating mesophyll cell functions are likely more sensitive to 
transcript level regulation than those of the bundle sheath. 
 
The data also suggest Rubisco transcript and protein level were not initially influenced by 
photosynthetic feedback regulation. As sugar accumulation was present in the lamina, 
CP12 expression and protein level, as well as substrate data, indicated Calvin cycle 
activity was reduced. This was preceding change in Rubisco transcriptional regulation, and 
protein abundance decrease.  
 
Further, sugar accumulation led to both chloroplast- and nuclear-gene expression 
regulation, which may indicate a common signalling mechanism affecting transcript 
expression in both compartments.  
 
These results were consistent with sucrose build-up in the cytosol as a result of backfill 
from limited phloem translocation in leaves during YCS investigated previously (Chapter 
5). 
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Discussion and future directions 
 
7.1 Introduction 
The starting point for this study was where the only symptom known to be associated with 
YCS consistently was the yellowing of leaf lamina on mid canopy leaves. This represents 
the fundamental and consistent symptom of the syndrome. 
 
The main objective of this work was to build knowledge around the molecular effects of 
YCS in sugarcane leaves. This, in turn, would help to narrow down causal triggers of the 
syndrome, as well as find potential molecular targets to improve sugarcane tolerance to 
YCS development and enhance sugarcane productivity in general. 
 
Based on the results presented here, the onset of YCS is the result of sucrose 
accumulation in leaf lamina, concurrent with that in the midrib and dewlap. The reason for 
sucrose accumulation is likely a limitation in sucrose export from the leaf. This limitation in 
export is predicted to be caused by a disruption of sink strength due to a restriction of 
phloem translocation, taking place elsewhere in the plant (not from within the leaf itself).  
 
Sucrose levels were elevated canopy wide, however visual symptoms were expressed in 
the mid canopy. The mid canopy leaves are those which export the greatest proportion of 
their photoassimilate (relative to actively-growing and senescing leaves). Sucrose 
elevation in the canopy leads to a reduction in photosynthesis. The build-up of sucrose is 
indicative of reduced sucrose export to growing tissues, leading to the yield losses 
associated with YCS. 
 
Significant changes in transcript and protein levels associated with the onset of YCS in 
non-symptomatic leaf tissue were identified.  Further work is required to establish whether 
there are varietal differences in the sensitivity of these key changes associated with YCS 
severity. These transcripts/proteins represent potential for marker development to allow 
selection for YCS tolerance. 
 
The most striking of these early changes were the downregulation of photosynthetic 
electron transport (PET) chain components of Photosystem II (PSII) D1 protein and 
oxygen-evolving complex (OEC) components, mesophyll carbon fixation through NADP 
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malate dehydrogenase transcript (mirroring a reduction in malate levels), and Calvin cycle 
through the regulatory protein, CP12. The levels of the cytosolic enzyme 
phosphoenolpyruvate carboxykinase (PEPCK) involved in decarboxylation increases as a 
result of upregulation in gene expression. 
 
7.2 Use of Omics data 
Multiple omics approaches (metabolomics, proteomics and transcriptomics) were used to 
study the biochemical changes underpinning YCS symptom development. 
 
Although omics data analyses represent the forefront of molecular biology research, there 
are limitations in their interpretability, especially when analysed in isolation, for 
understanding broad metabolic changes (Manzoni et al., 2018; and references therein). 
This is in part due to multiple levels of regulation that take place during metabolic 
adjustment (e.g. mRNA degradation, translation, protein activation, protein 
phosphorylation, flux etc.). To overcome some of these limitations, an integrated approach 
using omics datasets was used to study different stages of YCS development in the 
sugarcane leaf. This integration highlighted cellular regulation points. For example, the 
enzyme NADP malate dehydrogenase (NADPMD), whose product is malate, displayed no 
protein abundance change in the early-stages of YCS, despite reduced malate levels and 
its gene expression suppressed (Chapter 6). This observation indicates a reduction in its 
activity (whether due to substrate unavailability or activation state), without a change in 
protein abundance (Chapter 6).  
 
However, a difficulty associated with the use of some omics is the requirement of a 
reference for data generation (proteomics and transcriptomic in this case). This is relevant 
for sugarcane due to its relatively complex genetic composition (aneuploidy) and hydrid 
nature of commercially grown cultivars. A reference genome for sugarcane is lacking 
(although a monoploid version is very recently published; Garsmeur et al., 2018), and 
protein reference databases require substantial inclusion of protein information from 
related species (e.g. sorghum; Sorghum bicolor, and maize; Zea mays).  
 
During this study, mapping of RNA-seq reads was restricted to genes which were 
expressed during non-stressed states. Used in this study was a reference transcriptome 
generated using PacBio platform (Hoang et al., 2017) built from leaf, internode and root 
material. This was generated from samples of multiple Australian commercial varieties, in 
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which all plants were free from visual symptoms (considered healthy). Therefore, gene 
expression which may be uniquely induced during YCS onset (not generally expressed 
during non-stressed states) would not be present as mapped reads for differential 
expression analysis.  
 
In order to overcome this, a reference transcriptome built from RNA-seq reads of YCS-
expressing sugarcane leaf tissues is required. Such a transcriptome has now been built 
(De Novo assembly; Sugar Research Australia, unpubl. data) and presents a method to 
compare findings of this study. However, the biological processes examined here are 
fundamental to plants (phloem loading, sucrose transport, photosynthesis etc.), which 
involve gene expression that is present in stressed and unstressed states regardless. 
Therefore, data comparison between YCS-affected and control tissues in this work is 
unlikely to be affected by this reference limitation. 
 
In the case of the proteome, up-to-date protein databases were downloaded for use during 
protein identification steps (Chapter 4). However, protein information for sugarcane is 
limited in general. This was overcome through the use of protein information data from 
closely related species (sorghum and maize). Additionally, as protein information 
databases continue to grow over time, this can be used to identify a greater number of 
proteins in future. 
 
Another consideration is that the sample tissue used for omics analyses encompasses a 
homogenised mix of different cell types. For instance, lamina samples would include 
epidermis, stomatal guard cells, mesophyll, bundle sheath, vascular parenchyma, phloem 
and xylem. Therefore, transcript, protein and metabolite levels analysed represent the total 
from the mixture of the different cell types. For this reason, care must be taken when 
drawing conclusions about the regulation of transcript, protein or metabolite in one cell 
type, which may be present in multiple cell types. In this study this was at least in part 
counteracted by the inclusion of midrib and dewlap tissues which are enriched for 
vasculature and parenchyma cell types (Chapter 5). However, in order to overcome this, 
future experiments which isolate specific cell types may be beneficial. 
 
7.3 YCS model 
The data analysed in this study were consistent with YCS symptom onset being a result of 
sucrose feedback regulatory effects upon photosynthesis in leaf lamina, due to inadequate 
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sucrose movement out of the leaf (Fig.7.3.1). Whereby sucrose movement through the 
phloem was most likely influenced at a point beyond the leaf dewlap (closer to sinks; 
Chapter 5), and linked to sink perturbance. Whether this means typical sinks were affected 
(e.g. leaf whorl, culm, roots), or a new (smaller) sink was made (e.g. insect feeding) is 
unknown. This area is currently under investigation. 
 
There is conjecture regarding source-sink signalling for sucrose production in leaves. In 
sugarcane it is shown that hexoses are linked to signalling a reduced demand of 
photoassimilate (McCormick et al., 2008; McCormick et al., 2009), whereby this demand 
governs the general photosynthetic rate in leaves. Subsequent studies involving 
exogenous sucrose supply to leaves (sucrose spraying) shows a decrease in Rubisco and 
PEPC protein abundance and activity (Lobo et al., 2015; Ribeiro et al., 2017), which is 
unrelated to sink activity. However, it is noted that leaf sucrose levels were not elevated in 
these studies, despite sucrose spraying, whereas reducing sugars (hexoses) were 
elevated. 
 
Other works hypothesise an apoplastic sucrose sensing mechanism signals cellular 
suppression of sucrose synthesis (Herbers et al., 1996; Koch, 1996; Lalonde et al., 1999; 
Loreti et al., 2001). Further, an increase in vascular apoplastic sucrose can be carried by 
the transpiration stream to the guard cells, to influence guard cell osmoregulation leading 
to closure and reduced stomatal conductance. Reduced stomatal conductance is observed 
during YCS onset (Marquardt et al., 2016; Chapter 2). 
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Figure 7.3.1 Simplified model of predicted events sequence taking place during yellow 
canopy syndrome (YCS) onset in sugarcane leaf lamina. CA; carbonic anhydrase, D1; 
Photosystem II D1 (PsbA), G6P; glucose-6-phosphate, HXK; hexokinase, INV; invertase, 
NADPMD; NADP malate dehydrogenase, OEC; oxygen evolving complex, PEPC; 
phosphoenolpyruvate carboxylase, PET; photosynthetic electron transport, Pi; inorganic 
phosphate, T6P; trehalose-6-phosphate, ROS; reactive oxygen species, Rubisco; ribulose 
bisphosphate carboxylase/oxygenase, SUS; sucrose synthase, TP; triose phosphate. 
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Figure 7.3.2 Summary of photosynthetic metabolite level, gene expression and protein 
abundance change in yellow canopy syndrome (YCS)-affected sugarcane lamina from 
control. ES (left side) represents early-stage of YCS onset in lamina, LS (right side) 
represents late-stage. Blocks represent linked transcript (left side of block) and protein 
(right side of block) involved in photosynthetic process in sugarcane. Fill colour of block 
sides represent direction of change from control level, red indicates an increased level, 
blue a decreased level. Faded block outline indicates data lacking for that protein. PET; 
photosynthetic electron transport. For initial fixation in mesophyll: CA; carbonic anhydrase, 
PEPC; phosphoenolpyruvate carboxylase, NADPMD; NADP malate dehydrogenase. 
PPDK; pyruvate, phosphate dikinase, PDRP; PPDK regulatory protein. For 
decarboxylation in bundle sheath (BS): NADPME; NADP malic enzyme, NADMD; NAD 
malate dehydrogenase, NADME; NAD malic enzyme, PCK; phosphoenolpyruvate 
carboxykinase. For re-fixation in BS: RbcL; ribulose bisphosphate carboxylase/oxygenase 
(Rubisco) large subunit, RbcS; Rubisco small subunit, RbcA; Rubisco activase. For Cavin 
cycle in BS: GAD; glyceraldehyde-3-phosphate dehydrogenase, GAPN; NADP-dependent 
glyceraldehyde-3-phosphate dehydrogenase, PRK; phosphoribulokinase. 
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 Predicted sequence of events 
Based on the data presented in this thesis, a model of how sucrose build-up regulates leaf 
metabolism through feedback control was developed (Fig.7.3.1). 
 
In this model, sucrose export from the leaf is compromised. This results in a reduction of 
sucrose movement through the phloem towards sink tissues. This reduction of 
solute/pressure-gradient along the transport phloem (e.g. in dewlap and midrib), results in 
greater leakage from transport phloem conduits relative to reloading. It is found monocot 
SUT activity is lower at less negative membrane potentials (Sivitz et al., 2005; Reinders et 
al., 2006; Sun et al., 2010; Milne et al., 2017). This may be augmented by a reduction in 
apoplasm acidity (Milne et al., 2017). Where acidification of the apoplast requires H+-
ATPase activity. The major midrib-expressed H+-ATPase was downregulated during YCS 
onset (ShHA1-1; Chapter 5). 
 
Sucrose leakage from transport phloem greater than that of reloading leads to a rise in 
sucrose in the vascular apoplasm. Sucrose in the apoplastic space of the vasculature of 
the dewlap and midrib tissues may result in sucrose uptake into surrounding storage 
parenchyma. This uptake may be performed by SUTs (Bihmidine et al., 2015; Milne et al., 
2017). Indeed in sugarcane leaves, ShSUT1 is implicated in directly removing leaked 
sucrose from vascular apoplast into surrounding parenchyma cells (Glassop et al., 2017). 
Sucrose would likely also diffuse to enter the transpiration stream of the xylem, and follow 
this towards the stomata.  
 
Uptake of leaked sucrose into surrounding parenchyma in midrib and dewlap tissues may 
represent their conversion into pseudo-sinks. Leaf sheaths can act as temporary storage 
for carbohydrate in C3 grasses (Schnyder and Curtis, 1987; Allard and Nelson, 1991; 
Meuriot et al., 2018), this is frequently in the form of fructans synthesised from stored 
sucrose (Allard and Nelson, 1991). Sucrose accumulation in YCS-affected leaves was 
greatest in midrib tissues, compared to that of leaf lamina and dewlap tissues (Chapter 4).  
It is possible the sugarcane leaf midrib acts as storage tissue for sucrose when movement 
through the phloem is slowed. This would be beneficial through providing additional 
buffering capacity to draw sucrose away from the lamina, where its build-up leads to a 
feedback regulatory effect upon photosynthesis. 
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A slowing of photoassmilate movement towards sinks could eventually effect the function 
of the collection phloem in the lamina. Sucrose loaded into the collection phloem CCs 
would likely equilibrate back into the apoplastic space of the vascular tissue when lacking 
a solute gradient from CC to SE. A rise in apoplastic sucrose at the site of the collection 
phloem is likely to decrease sucrose loading capability potentials as this is found to be a 
SUT characteristic (Sivitz et al., 2005; Reinders et al., 2006; Sun et al., 2010; Milne et al., 
2017).  
 
A rise of vascular apoplastic sucrose concentration would further decrease sucrose 
diffusion (facilitated by SWEET proteins) from the symplasm of mesophyll, bundle sheath 
(BS) and vascular parenchyma (where sucrose is synthesised) to the apoplast, due to a 
decreased solute gradient. A portion of this elevated level of apoplastic sucrose is also 
expected to be broken down by cell wall invertases to produce hexoses. While symplastic 
sucrose and hexose levels would also increase.  
 
A lack of sucrose leaving the cell symplasm (where it is synthesised), or the diffusion of 
sucrose/hexoses leaked from the phloem potentially back into this symplasm, would have 
multiple effects. These effects would likely begin with a rise in cytosolic sucrose and 
hexoses. This is predicted to lead to a inhibitory effect upon sucrose synthesising enzyme 
sucrose phosphate phosphatase (SPP), which displays product inhibition (Hawker and 
Hatch, 1966). This functions to limit cellular sucrose synthesis when sucrose is not leaving 
the site of synthesis.  
 
Sucrose synthase (SUS) and invertases are likely to break down sucrose to produce 
hexoses within the cell. This may occur within cytosol, vacuole or chloroplast. Feasibly this 
would initially occur in the cytosol.  
 
In the case of cytosolic invertase hydroylsis, hexokinases (HXKs) function to 
phosphorylate sugar intermediates (glucose to glucose-6-phosphate; G6P), bringing 
glucose produced back in to metabolism. Where SUS activity upon sucrose would also 
lead to the formation of G6P. This could explain the further rise in fructose between early- 
and late-stage of YCS while glucose remains constant (Chapter 4). Additionally, a 
redirection of G6P into structural components/pentans through enzyme G6P 
dehydrogenase (G6PDH) is likely through greater availability of G6P. Further, a strong 
upregulation of G6PDH is observed in the early-stage of YCS onset (data not shown). A 
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redirection of carbon into pathways alternative to sucrose and starch is well observed 
during YCS onset (Marquardt et al., 2017; Chapter 3).  
 
G6P is the precursor to trehalose synthesis. Trehalose-6-phosphate (T6P; trehalose 
intermediate) is tightly linked to cellular sucrose levels and signalling through the sucrose-
T6P nexus (for more information see Figueroa and Lunn, 2016). Known to be influenced 
through T6P levels are sugar signalling kinase SnRK1 and bZIP transcription factors. 
These instigate suppression of growth metabolism (carbohydrate/amino acid pathways 
and photosynthesis). Further, T6P initiates hormonal pathways through transcription factor 
ABI4, and is linked to ABA-mediated stress responses in Arabidopsis (Li et al., 2014).  
 
T6P is also present in the chloroplast compartment and influences starch metabolism. Low 
T6P stimulates starch granule breakdown while high T6P during the night inhibits it 
(Martins et al., 2013). Further, T6P stimulates ADP‐glucose pyrophosphorylase (AGPase) 
activity (Kolbe et al., 2005; Lunn et al., 2006).Trehalose is elevated during YCS onset 
(Chapter 4), while T6P was unable to be measured. It is relevant to note AGPase is 
inhibited by chloroplastic Pi and stimulated by 3-phosphoglycerate produced by the Calvin 
cycle (Smith and Stitt, 2007; and references therein). 
 
Sucrose itself is also present within the chloroplast, and is involved in signalling of 
photosynthesis regulation (Gerrits et al., 2001; Tamoi et al., 2010), the implications of 
which are not yet fully realised. It is hypothesised high cytosolic sucrose and hexoses may 
diffuse into the chloroplast compartment or be moved across the chloroplast envelope by 
specific transporters (Schottler et al., 2015). Currently no evidence exists of a sucrose 
transporter on the chloroplast envelope (Heldt and Sauer, 1971; Schottler et al., 2015). A 
manufactured increase in chloroplastic invertase acitivty in Arabidopsis seedlings, fed with 
sucrose, leads to repression of both transcript and protein level of chlorophyll a/b-binding 
protein, sedoheptulose-1,7-bisphosphatase, and plastidic fructose-1,6-bisphosphatase 
(Tamoi et al., 2010). These three genes are nuclear-encoded, indicating retrograde 
signalling takes place. In addition to this is the implication of HXKs, fructokinases and 
fructokinase-like proteins (Zhang et al., 2010), and fructose (Wimmelbacher and Börnke, 
2014), in the chloroplast leading to retrograde signalling of photosynthesis-associated 
nuclear genes (PhANGs) expression. Elevated sucrose in the cytosol during YCS onset 
may therefore have a knock-on effects by signalling within the chloroplast compartment 
itself. 
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However, the predicted increase in phosphosphorylated intermediates in the cytosol 
(through kinase activity) and reduction in inorganic phosphate (Pi) release of sucrose 
synthesis, would tie up cellular Pi. This would reduce the phosphorylation potential of the 
cytosol. Pi is required throughout photosynthesis, including the major process of cytosolic 
exchange for the chloroplast-synthesised Calvin cycle product, triose phosphate (TP). This 
takes place through the TP/phosphate translocator on the chloroplast envelope. The 
function of sucrose phosphate synthase (SPS) is Pi limited (Doehlert and Huber, 1984). 
 
Reduced cytosolic phosphorylation potential leads to many metabolic adjustments. One 
such potential adjustment is revealed in the data (Chapter 5) to be H+-PPase regulation. 
Whereby a large increase in gene expression of one H+-PPase isoform was observed 
early during YCS onset, while another was decreased (Chapter 5). Viewed globally, 
substantial metabolic adjustment relating to photosynthesis in the chloroplast and cytosol 
was found during YCS onset (Chapter 4 & 6).  
 
It is a possible a form of feedback signalling mechanism of sucrose in the symplasm 
results from a chronic cellular Pi limitation, rather than through chloroplastic signalling 
specifically. This is consistent with the HXK-dependent pathway of sucrose signalling 
(Smeekens, 2000), as its phosphorylation of glucose, produced by invertase activity upon 
sucrose, lowers cytosolic Pi levels. Although, within the chloroplast, this leads to chronic 
redirection of TP into starch and reduction of oxidised coenzyme availability for use by the 
PET chain.  
 
As a result of a chronic over-reduced state of the PET chain, photosynthetic control takes 
place (Foyer et al., 2012), involving both chloroplast and nuclear genome gene expression 
changes. The earliest impact to the photosynthetic process in the data presented included 
downregulation of PSII D1 and OEC component protein levels and gene expression 
(Chapter 6, Fig.7.3.2). This indicated both chloroplast (PSII D1) and nuclear (OEC 
components) gene expression is signalled at this point. This is possible through retrograde 
or anterograde signalling, or potentially a common cytosolic signal which enters both 
compartments simultaneously (e.g. sugars, discussed in more detail later). 
 
Additional early impacts were the suppression of a Calvin cycle regulatory protein CP12 
(gene and protein, Fig.7.3.2, Chapter 6), and on the gene expression level, the redox-
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regulated malate valve-linked protein of NADP malate dehydrogenase (NADPMD; Chapter 
6). This is concurrent with a decrease in malate level (Chapter 4). Sucrose continued to 
elevate from this point until the LS stage while malate remained similar (Chapter 4, 
Chapter 7; Fig.7.3.2). 
 
Based on these data it is predicted the indicated decrease of photosynthetic carbon 
fixation (found in Marquardt et al., 2016; Chapter 2) occurs through either substrate 
availability or protein activity regulation in the early-stage of YCS (Chapter 6; Fig.7.3.1). In 
the pre-symptomatic phase of YCS, Rubisco and PEPC transcript and protein level were 
not significantly negatively affected (Chapter 6), this is despite Rubisco and PEPC being 
implicated as regulation points in sucrose feedback regulation upon photosynthesis (Krapp 
et al., 1993; McCormick et al., 2008; Lobo et al., 2015; Ribeiro et al., 2017). However, 
although knowledge of Rubisco regulation and function is relatively well characterised, 
there is ambiguity of Rubisco large subunit information in the data (Chapter 6), and this is 
an area worth further investigation for clarity. 
 
From this model, it was determined most likely that YCS symptoms were due to regulatory 
downregulation of photosynthesis (Chapter 6; Fig.7.3.1) by Pi limitation leading to a 
chronic inability to export reductant away from the PET chain during cellular sugar 
accumulation (Chapter 5 & 6). Further, the canopy-wide photosynthetic rate reduction 
observed in YCS-affected plants (Marquardt et al., 2016; Chapter 2) occurred as a result 
of initial elevation of symplastic sucrose/hexoses (Chapter 4 & 5), which preceded leaf 
yellowing symptoms of YCS. 
 
A lack of reductant removal from PET is able to be sustained in the short term (redox 
signalling, starch production etc.), however beyond a certain point, triggers a coarse 
control reaction and abandonment of photosynthesis (Foyer et al., 2012; Chapter 6). This 
reaction protects against indispersable absorption of light energy, which may otherwise 
lead to rapid and wide-scale reactive oxidative species (ROS) production which is 
damaging to membrane structures, proteins and nucleic acids. Alternatively, a regulated 
decrease as predicted to occur during YCS symptom development, would lead to 
structured chloroplast dismantling, and nutrient salvation, such as that of senescence. 
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7.4 Observed gene expression dichotomy 
Frequently observed was dichotomy in gene expression regulation during YCS onset. This 
was associated with two distinct isoforms of (what was predicted to be) the same gene. 
This was found in the data for H+-PPases and H+-ATPases (Chapter 5), and CP12 
(Chapter 6). Additionally, in the unreported genes of fructose bisphosphate aldolase (in 
both choloroplastic and cytosolic forms) and trehalose synthase (data not shown). 
 
In the H+-PPase and H+-ATPase data, the protein abundances mimicked that of the gene 
expression in one case (e.g. CP12-1), while in others the protein data was unchanged 
(CP12-2; Chapter 6) or not available (Chapter 5). This suggests a level of complexity in 
regulation, linked to cell type and/or intracellular compartments relating to metabolic gene 
expression changes associated with YCS-onset. The sample tissue homogenised for 
analyses was a mixture of epidermis, stomatal guard cells, mesophyll, bundle sheath, 
vascular parenchyma, phloem and xylem cell types. Localisation experimentation may be 
beneficial in understanding these gene expression/protein differences between isoforms to 
potentially help understand their importance during YCS onset or indeed the process of 
sucrose feedback regulation upon photosynthesis. It is possible these could make targets 
for general sugarcane productivity improvement. 
 
7.5 Sugarcane sucrose transporters 
In general there is limited knowledge of sugar transporters in sugarcane with the exception 
of ShSUT1 (Glassop et al., 2017). Highlighted in this study is the strength of response in 
SWEET protein gene expression during sucrose accumulation in leaves. SWEETs are not 
previously characterised in sugarcane. In the reference transcriptome (Hoang et al., 2017), 
multiple monosaccharide-transporting SWEETs are reported, as well as multiple isoforms 
of disaccharide-transporting SWEET13 (with naming nomenclature as proposed by Eom et 
al., 2015). Unfortunately, protein data of SWEETs was lacking (Chapter 5). 
 
Leaf SWEET gene expression was reactive to YCS onset, despite gene expression 
regulation lacking in all studied SUT genes. SUT gene expression is known to remain 
largely unaffected during alterations in source-sink balance in sugarcane (through 
investigation during ScYLV infection; ElSayed et al., 2010). This is an area in which 
greater understanding (achieved through such things as protein localisation work) may 
have great potential for manipulation of sucrose movement and storage in both leaf and 
culm in sugarcane. 
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7.6 Future directions 
The cause of the sucrose accumulation in YCS-affected sugarcane leaves remains 
unknown. Further research looking into the trigger of this is of high importance in order to 
effectively develop management strategies. Additionally, although leaf symptoms and 
physiological impacts of YCS onset are consistent across Australian commercial 
sugarcane varieties (Marquardt et al., 2016; Chapter 2, and Sugar Research Australia 
unpubl. data), the biomarkers identified in this study through omics data should be 
validated across sugarcane varieties and environments. 
 
Internode data should be investigated as an aspect of sink metabolism. It is emphasised 
the suppression of photosynthesis during YCS onset, due to sucrose feedback regulation, 
took place on a canopy-wide level. Implied by this could be a reduction in sucrose demand 
from sink tissues, which would affect all leaves exporting sucrose. It is understood sink 
strength dictates photosynthetic rate in sugarcane leaves (Watt et al., 2014; and 
references therein). Symptom development in only the mid canopy leaves aligns with 
those exporting the majority of their photoassimilate. Therefore, in these leaves, the impact 
of sucrose backfill may be strongest.  
 
Internodes are the major carbon sink in mature sugarcane plants, and thus represent the 
most likely site of limitation. Alternative experiments to investigate internode sink strength 
include physical measurements of size and weight, and metabolic activity. Metabolic 
activity could be investigated through omics analyses similar to those used throughout the 
thesis: metabolome, proteome and transcriptome, in order to explore whether the 
internodes of YCS-affected plants exist in a state of ‘feast’ or ‘famine’ (whether sugar is 
reaching the sink). For instance, genes and their expression related to such states are 
described by Koch (1996), and could be used in such analyses.  
 
Investigation of the internode would aid in determining if metabolic perturbances in sink 
strength are taking place in YCS-affected sugarcane stalks, leading to a potential 
discovery of the initial reason for sucrose accumulation in leaves - and therefore YCS 
onset. 
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Appendix I SWEETs phylogenetic tree 
Unrooted phylogenetic tree of open reading frame protein sequence of SWEET proteins identified in PacBio sugarcane reference 
transcriptome (Hoang et al., 2017) and characterized SWEET proteins from Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa, Oryza 
sativa subsp japonica), maize (Zea mays) and sorghum (Sorghum bicolor). Genes investigated emphasized with red arrows.
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Appendix II Sucrose-H+ symporter (SUT) phylogenetic tree 
Unrooted phylogenetic tree of open reading frame protein sequence of sucrose-H+ sympoter (SUT) proteins identified in PacBio 
sugarcane reference transcriptome (Hoang et al., 2017) and characterized SUT proteins from Arabidopsis (Arabidopsis thaliana), rice 
(Oryza sativa, Oryza sativa subsp japonica), maize (Zea mays), sorghum (Sorghum bicolor) and sugarcane (Saccharum spp.). Genes 
investigated emphasized with red arrows. 
 
 
195 
 
Appendix III Sucrose-H+ symporter (SUT) ORF alignment 
Alignment of open reading frame (ORF) amino acid (AA) sequences of sucrose-H+ 
symporter 1 (SUT1) encoding genes in PacBio sugarcane reference transcriptome (Hoang 
et al., 2017). Presented are encoded AA sequences of one full (ShSUT1-1) and three 
partial (ShSUT1-2 (two) and ShSUT1-3) SUT1 genes, and three UniProtKB sequences 
from Saccharum spp. (SUT1-h1; A0A0U2WYQ8_SACSP, SUT1-h2; A0A0U2XI68 and 
ShSUT1; 5U871_9POAL). AA variations highlighted in background colour (red). 
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Appendix IV H+-ATPase phylogenetic tree 
Unrooted phylogenetic tree of open reading frame protein sequence of H+-ATPase proteins identified in PacBio sugarcane reference 
transcriptome (Hoang et al., 2017) and characterized H+-ATPase proteins from Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa, 
Oryza sativa subsp japonica) and maize (Zea mays). Genes investigated emphasized with red arrows. 
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Appendix V H+-ATPase ORF alignment 
Alignment of open reading frame (ORF) amino acid (AA) sequences of plasma membrane 
H+-ATPase subfamily II (ShHA2) encoding genes in PacBio sugarcane reference 
transcriptome (Hoang et al., 2017). Presented are encoded AA sequences of 17 ShHA2 
genes (Table 5.4.3; Chapter 5) with sequence conservation graphically depicted beneath 
sequences by bar height, showing locations of sequence variation between ShHA2 
encoded protein sequence leading to classification into six groups (ShHA2-1 to -6). 
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Appendix VI H+-Pyrophosphatase (H+-PPase) phylogenetic tree 
Unrooted phylogenetic tree of open reading frame protein sequence of H+-pyrophosphatase (H+-PPase) proteins identified in PacBio 
sugarcane reference transcriptome (Hoang et al., 2017) and characterized H+-PPase proteins from Arabidopsis (Arabidopsis thaliana) 
and rice (Oryza sativa). Genes investigated emphasized with red arrows. 
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Appendix VII H+-Pyrophosphatase (H+-PPase) ORF alignment 
Alignment of open reading frame (ORF) amino acid (AA) sequences of H+-
pyrophosphatases (H+-PPase) identified in PacBio sugarcane reference transcriptome 
(Hoang et al., 2017) and AA sequence of characterized H+-PPase protein from 
Arabidopsis (Arabidopsis thaliana; AVP1; UniProtKB: P31414; AVP1_ARATH), rice (Oryza 
sativa; UniProtKB: OVP1; O80384_ORYSA and OVP2; P93410_ORYSA). Amino acid 
variations highlighted in background colour (red). 
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Appendix VIII Sucrose synthase (SUS) phylogenetic tree 
Unrooted phylogenetic tree of open reading frame protein sequence of sucrose synthase (SUS) proteins identified in PacBio sugarcane 
reference transcriptome (Hoang et al., 2017) and characterized SUS proteins from Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa, 
Oryza sativa subsp japonica), sorghum (Sorghum bicolor) and sugarcane (Saccharum spp.). Genes investigated emphasized with red 
arrows. 
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Appendix IX Table of photosynthetic electron transport (PET) chain component gene expression and differential expression 
values. Gene expression values (average TPM) and differential expression of PET chain light-reactions-related genes in sugarcane leaf 
lamina during yellow canopy syndrome (YCS) onset. Asterisk (*) indicates differential expression at significance value of false discovery 
rate (FDR)-corrected P-value <0.001. 
Protein & transcript Transcriptome ID 
Open 
reading 
frame 
size 
(AA) 
Gene expression (average TPM of sample) 
Fold change in YCS from 
control 
Control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
YCS early-
stage (ES) 
YCS late-
stage (LS) 
Photosystem II D1 (PsbA)           
ShPsbA c120270f1p11559 408 287,389.8 ±10,782.8 174,200 ±11,330.8 78,414.7 ±7,410.3 -2.43* -7.89* 
                
ShPsbB (frameshift) + ShPsbT, PsbN, PsbH (each partial) c87517f1p12532 NA 5917.8 ±200.6 5367.5 ±177.1 3012.6 ±276.1 -1.63 -4.22* 
ShPsbB (partial) + ShPsbT (partial) c81462f1p21460 NA 3619.9 ±298.5 4136.9 ±188.7 3299.9 ±283.8 -1.31 -2.39* 
ShPsbB (frameshift) + ShPsbT (partial) c42971f1p21987 NA 2932 ±148 3336.9 ±158.8 2207.2 ±179 -1.3 -2.86* 
ShPsbB (frameshift) + ShPsbT (partial) c34102f1p21668 NA 34.9 ±3 34.6 ±3.9 25.2 ±5.6 -1.52 -2.98* 
ShPsbB (frameshift) + ShPsbT, PsbN, PsbH (each partial) c86063f1p01556 NA 14.7 ±0.3 14.8 ±1 8.5 ±1.2 -1.47 -3.71* 
ShPsbB (partial) + ShPsbT (partial) c58741f2p01059 NA 14.5 ±0.5 13.6 ±1.1 10.2 ±2 -1.57 -3.03* 
                
ShPsbC (frameshift) + ShPsbZ (partial) c2669f1p01861 NA 5707.2 ±285.3 5320.8 ±464.4 2775.8 ±228.3 -1.59 -4.42* 
ShPsbC (partial) c72856f1p01147 NA 3916.3 ±385.1 3944.7 ±160.7 1746.2 ±176.4 -1.47 -4.82* 
ShPsbC (frameshift) + ShPsbZ (partial) c34195f2p11630 NA 3006.6 ±222.5 2301.7 ±205.5 1298.8 ±125.8 -1.9 -4.93* 
ShPsbC (frameshift) + ShPsbZ (partial) c97886f1p01295 NA 950.8 ±76.1 699.9 ±64.3 360.8 ±43.5 -1.98 -5.62* 
                
Oxygen-evolving complex (OEC)           
PsbO               
ShPsbO (partial) c76181f1p2886 223 194.4 ±5.8 164.9 ±7.6 59.7 ±17.5 -1.74 -6.86* 
ShPsbO (frameshift) c91702f1p11048 254 157.1 ±3.8 133 ±6 55.4 ±12.5 -1.74 -6.04* 
ShPsbO (partial) c65083f1p21058 293 111.7 ±5.5 109.3 ±5.6 42.2 ±12.1 -1.5 -5.59* 
ShPsbO c47700f25p181299 332 97.8 ±2 72.3 ±4.8 33.4 ±6.5 -1.98 -6.23* 
ShPsbO (partial) c92315f1p0890 251 61.2 ±1.7 63.5 ±1.6 27.2 ±7.8 -1.43 -4.77* 
205 
 
ShPsbO c77121f1p01221 332 49 ±6 79.5 ±4.9 31 ±12.2 1.09 -3.36 
ShPsbO c62019f1p01362 332 40.3 ±1.3 42 ±1.1 16.3 ±4.2 -1.42 -5.28* 
ShPsbO c66741f1p01123 332 31 ±2.6 37.8 ±1.5 13.7 ±4.8 -1.22 -4.8* 
ShPsbO (frameshift) c72320f1p02459 NA 29.2 ±2.1 36.3 ±1.3 14.8 ±5 -1.19 -4.18* 
ShPsbO c74997f1p01281 332 3.7 ±0.7 8.7 ±0.5 3.3 ±1.7 1.52 -2.41 
                
PsbP               
ShPsbP-1 c68695f1p1748 188 39.4 ±2.1 37.1 ±0.8 35.3 ±2.6 -1.56 -2.39* 
ShPsbP-1 (partial) c36330f1p31096 257 3.9 ±0.5 4.7 ±0.5 6.6 ±0.4 -1.25 -1.29 
                
ShPsbP-3 (partial) c25257f1p0585 110 19.1 ±1.9 6.7 ±2 4.4 ±1.9 -4.23* -9.05* 
ShPsbP-3 c90916f5p01107 249 16.9 ±1.2 3.2 ±0.9 1.9 ±0.4 -7.7* -18.65* 
ShPsbP-3 c68340f2p01053 251 8 ±0.6 3.2 ±0.5 1.5 ±0.6 -3.75* -11.09* 
ShPsbP-3 c100378f2p01011 249 6.5 ±0.9 2.2 ±0.5 1.2 ±0.5 -4.42* -11.31* 
                
ShPsbP-4 (partial) c4577f1p2749 179 62.1 ±5.5 50.5 ±3.7 49.2 ±3.5 -1.81 -2.72* 
ShPsbP-4 c7137f1p21021 270 46.5 ±3.2 49.3 ±2.4 23.5 ±4.9 -1.39 -4.19* 
ShPsbP-4 (partial) c51496f1p0754 192 19.2 ±1.5 14.9 ±0.7 6.9 ±1.1 -1.9 -5.85* 
ShPsbP-4 c46748f1p01152 270 17.3 ±1 14.6 ±1.1 10.4 ±1.1 -1.74 -3.6* 
ShPsbP-4 c90432f21p41119 270 16.2 ±0.6 14.6 ±0.9 8.5 ±1 -1.64 -4.08* 
ShPsbP-4 c30713f1p01115 270 8.1 ±0.5 6.5 ±0.4 3.5 ±0.5 -1.83 -4.88* 
ShPsbP-4 (partial) c7610f1p1914 180 8.1 ±0.5 7.3 ±0.5 2.5 ±0.6 -1.64 -6.88* 
                
ShPsbP-7 c27137f1p0980 250 4.9 ±0.9 3.9 ±0.4 7.7 ±0.9 -1.84 -1.38 
ShPsbP-7 (partial) c8687f1p0522 120 4.2 ±0.6 5 ±0.5 8.2 ±1 -1.24 -1.12 
                
PsbQ               
ShPsbQ-1 c116526f98p111078 255 252.5 ±17.1 247.1 ±13.8 86.1 ±26.6 -1.51 -6.23* 
ShPsbQ-1 (partial) c86956f1p0743 196 191.3 ±7.7 160.9 ±7.6 56.1 ±17.3 -1.75 -7.21* 
ShPsbQ-1 (partial) c84345f1p0810 154 113.7 ±2.5 100.6 ±4 34 ±11.1 -1.67 -7.06* 
ShPsbQ-1 c71478f5p111092 255 105.2 ±3.3 66.3 ±4.1 32.9 ±5.5 -2.35* -6.84* 
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ShPsbQ-1 (partial) c78133f1p1573 131 85.1 ±3.9 63.5 ±4.6 26.7 ±5.1 -1.98 -6.8* 
ShPsbQ-1 (partial) c72953f1p21022 185 40 ±2.4 29.2 ±1.1 12.7 ±2.7 -2.04 -6.71* 
ShPsbQ-1 c96770f1p01289 255 26.8 ±1.6 22.7 ±1.3 7.4 ±2.8 -1.74 -7.62* 
ShPsbQ-1 c81731f1p01094 255 5 ±0.2 5.7 ±0.4 1.5 ±0.8 -1.29 -6.93* 
                
ShPsbQ-2 (partial) c81805f1p0598 158 1124.4 ±40.7 1077.3 ±85.4 432.8 ±90.5 -1.54 -5.54* 
ShPsbQ-2 (partial) c96001f1p0480 122 515 ±27.9 482.2 ±32.9 190.4 ±41.4 -1.58 -5.78* 
ShPsbQ-2 (partial) c68802f1p0672 183 19.2 ±2.2 25 ±4.6 7.1 ±3.8 -1.13 -5.61* 
ShPsbQ-2 (partial) c72389f1p0721 148 10.6 ±1.2 16.3 ±2.3 3.8 ±1.6 1.03 -5.95* 
ShPsbQ-2 (partial) c77119f1p0753 166 8.4 ±2.3 25.3 ±2.7 6.9 ±2.7 2.01 -2.63 
                
ShPsbQ-3 (partial) c74093f1p0743 95 10.9 ±0.5 9.3 ±0.6 8.5 ±1 -1.73 -2.76* 
                
Photosystem I           
ShPsaA + ShPsaB (+ ShRpsN; partial) c108994f2p04735 NA 849.9 ±57.5 814 ±48.8 603.3 ±49.9 -1.53 -3.04* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c119808f1p26067 NA 237.8 ±7.2 217 ±5.3 240.5 ±6.5 -1.61 -2.14* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c103677f2p05020 NA 179.5 ±10.1 166.3 ±11 115.8 ±5.3 -1.58 -3.33* 
ShPsaB (partial) c6984f1p0770 NA 158.1 ±14.3 144.8 ±10.3 142.1 ±15.6 -1.6 -2.41* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c104129f1p04763 NA 146.5 ±9.2 140.5 ±8.8 87.6 ±3.8 -1.53 -3.59* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c109879f1p04445 NA 103.6 ±15.5 232.7 ±62.8 45.1 ±40 1.52 -4.68 
ShPsaA + ShPsaB (+ PSI assembly protein) c120490f1p06788 NA 89.7 ±0.9 79.3 ±2.2 61.3 ±1.5 -1.67 -3.17* 
ShPsaA + ShPsaB c108664f1p04785 NA 46.8 ±4.1 47 ±2.9 30.6 ±1 -1.45 -3.28* 
ShPsaA + ShPsaB c112839f1p05417 NA 11.8 ±0.9 13.9 ±0.4 8.3 ±0.9 -1.25 -3.03* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c113268f1p04959 NA 9.6 ±0.7 11.5 ±0.5 14.8 ±1.2 -1.22 -1.4 
ShPsaA + ShPsaB (+ ShRpsN; partial) c106364f1p05426 NA 8.7 ±0.6 8.9 ±0.4 5.3 ±0.5 -1.45 -3.49* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c109263f1p05009 NA 7.5 ±0.4 8.8 ±0.7 5.4 ±0.6 -1.26 -3.01* 
ShPsaA + ShPsaB (+ ShRpsN; partial) c120267f1p04846 NA 5.1 ±0.8 4.7 ±0.7 9.9 ±1.9 -1.57 -1.11 
ShPsaA + ShPsaB c107507f1p06049 NA 5 ±0.3 5 ±0.6 2.5 ±0.4 -1.48 -4.31* 
ShPsaA + ShPsaB c109628f1p04723 NA 3.4 ±0.3 4.2 ±0.2 9.6 ±1.5 -1.2 1.28 
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Appendix X Table of mesophyll initial fixation-related gene expression and differential expression values. Gene expression 
values (average TPM) and differential expression of mesophyll initial carboxylation-related genes in sugarcane leaf lamina during yellow 
canopy syndrome (YCS) onset. Asterisk (*) indicates differential expression at significance value of false discovery rate (FDR)-corrected 
P-value <0.001. 
Protein & transcript Transcriptome ID Open reading frame size (AA) 
Gene expression (average TPM of sample) Fold change in YCS from control 
Control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
Carbonic anhydrase           
ShCA c89217f4p1977 204 207 ±19.4 215.7 ±12.3 112 ±28.9 -1.41 -3.89* 
ShCA c118833f2p101573 403 146.4 ±8.3 130.5 ±6.5 54.6 ±16.9 -1.67 -5.66* 
ShCA c62212f4p1906 204 129.2 ±15.3 126.2 ±12.1 63.4 ±16.4 -1.51 -4.28* 
ShCA c83315f1p01128 227 121.3 ±6 129.6 ±7.9 42.8 ±16.1 -1.39 -5.92* 
ShCA (frameshift & partial) c86142f1p11990 NA 83.5 ±5.7 94.9 ±6.4 26.8 ±9.7 -1.31 -6.53* 
ShCA c60194f4p11006 204 63.8 ±5.9 86.1 ±6.1 47.1 ±12.1 -1.1 -2.85* 
ShCA (partial) c122654f2p1796 173 70.6 ±3.2 67.8 ±6.8 23.3 ±8 -1.55 -6.35* 
ShCA c78149f1p11247 204 53.1 ±4.7 60.1 ±4.5 32.3 ±8.4 -1.31 -3.46* 
ShCA (frameshift) c35295f1p0552 NA 33.4 ±3 38.1 ±3.4 11.7 ±4.2 -1.3 -5.93* 
ShCA c91602f1p01035 204 38.6 ±4.5 37.8 ±4.4 17.1 ±6.1 -1.51 -4.71* 
ShCA c75099f3p2995 204 33.3 ±3.8 35.4 ±3.4 27.1 ±4.4 -1.39 -2.6* 
ShCA c114897f1p75057 445 24.4 ±1.7 29.5 ±1.9 9.7 ±3.6 -1.22 -5.23* 
ShCA (frameshift) c104486f1p04763 NA 23.9 ±2 27.9 ±2 10.6 ±3 -1.27 -4.75* 
ShCA (dimer) c59719f46p51638 403 26.8 ±2.4 27.6 ±3.2 7.4 ±2.3 -1.45 -7.62* 
ShCA c67460f1p01063 204 27.4 ±3.8 25.7 ±2.6 12.3 ±4.4 -1.56 -4.65* 
ShCA c87643f1p01934 445 19.9 ±1.3 15.8 ±3.2 3.3 ±1.3 -1.85 -12.47* 
ShCA (frameshift) c92988f1p02746 NA 14.6 ±0.8 13.5 ±0.8 5.6 ±1.5 -1.59 -5.44* 
ShCA (dimer) c71860f1p02045 445 11.3 ±0.9 14.9 ±1.4 4.3 ±1.7 -1.13 -5.46* 
ShCA (partial) c111640f1p02573 341 10.2 ±0.9 11.6 ±0.9 4.3 ±1.3 -1.31 -4.98* 
ShCA (dimer) c60117f34p151860 445 9.3 ±1.3 15.5 ±2.3 4.5 ±2.3 1.11 -4.24 
ShCA (dimer frameshift) c99660f1p12682 NA 8.6 ±0.5 8.3 ±0.4 3.5 ±1.1 -1.52 -5.17* 
ShCA (partial dimer) c69719f2p01091 279 8.5 ±2.4 10.9 ±1.5 2.7 ±0.9 -1.19 -6.81* 
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ShCA c107588f1p15151 445 7.8 ±0.7 9.1 ±0.5 2.9 ±1.1 -1.26 -5.55* 
ShCA (partial dimer) c71785f1p11055 297 7.7 ±2.4 11.4 ±1.6 2.7 ±1.6 -1.03 -5.96 
ShCA (dimer frameshift) c91374f1p02572 NA 7.3 ±0.6 7.7 ±0.6 3.7 ±1.3 -1.4 -4.09* 
ShCA (partial dimer) c97578f1p01186 288 6.7 ±0.4 8.5 ±0.8 1.7 ±1 -1.18 -8.33* 
ShCA c71348f3p0933 202 4.3 ±0.5 6.5 ±0.5 6.9 ±1.1 1.01 -1.32 
                
Phosphoenolpyruvate carboxylase (PEPC)           
ShPPCA (frameshift) c121410f1p66306 NA 106.6 ±6.1 99.7 ±6.2 39.1 ±9.8 -1.57 -5.75* 
ShPPCA (partial) c120445f1p32817 731 71.6 ±5 87.8 ±5.4 25.2 ±10.6 -1.21 -5.91* 
ShPPCA (frameshift) c98670f1p13212 NA 50.9 ±4 95.1 ±8.6 23.1 ±11.8 1.25 -4.57* 
ShPPCA (frameshift) c104073f1p14524 NA 41 ±2.7 42.9 ±2.3 14 ±4.1 -1.4 -6.14* 
ShPPCA (frameshift & partial) c86740f1p1786 NA 38.5 ±5 34.1 ±4.1 13.4 ±3.7 -1.67 -6.04* 
ShPPCA (frameshift & partial) c95375f1p01337 NA 25.1 ±0.7 25.7 ±0.6 8.5 ±2.6 -1.45 -6.21* 
ShPPCA (frameshift) c98750f1p02990 NA 18.9 ±1 22.3 ±1.9 5.3 ±2.6 -1.26 -7.35* 
ShPPCA (frameshift) c111012f1p43827 NA 17.5 ±1.2 19.2 ±1.4 7.9 ±1.9 -1.34 -4.65* 
ShPPCA (frameshift) c120600f1p03444 NA 11.9 ±0.9 12.7 ±1 4 ±1.3 -1.38 -6.25* 
ShPPCA (frameshift) c92712f1p02785 NA 11.8 ±0.9 12 ±0.9 4.2 ±1.2 -1.45 -5.94* 
ShPPCA c122245f8p233240 961 9.4 ±0.8 8.4 ±0.7 3.1 ±1.1 -1.66 -6.41* 
ShPPCA (frameshift) c97946f1p03612 NA 8.9 ±0.9 13.6 ±1 3.7 ±2.2 1.03 -5* 
ShPPCA (frameshift & partial) c96197f1p02073 NA 8.2 ±0.6 7.2 ±0.8 3.8 ±0.8 -1.67 -4.49* 
ShPPCA c80798f5p433383 961 7.4 ±0.4 4.4 ±0.4 1.7 ±0.7 -2.5 -8.82* 
ShPPCA c116394f102p473306 961 6 ±0.3 4.3 ±0.7 1.6 ±0.5 -2.03 -7.67* 
ShPPCA (frameshift & partial) c85987f1p01800 NA 5.6 ±0.6 3.3 ±0.3 3.2 ±0.5 -2.5 -3.75* 
ShPPCA (frameshift) c86978f1p196659 NA 5.2 ±0.5 8.5 ±0.8 2 ±1.1 1.09 -5.43* 
ShPPCA (frameshift) c121329f1p03770 NA 5 ±0.3 5.1 ±0.3 1.6 ±0.5 -1.43 -6.58* 
ShPPCA (frameshift & partial) c84052f1p21354 NA 3.8 ±1.2 1.4 ±0.3 0.6 ±0.4 -4.07 -12.71* 
ShPPCA (frameshift & partial) c96966f1p12245 NA 3.2 ±0.3 2.9 ±0.5 2.2 ±0.7 -1.61 -3.12 
                
NADP malate dehydrogenase (NADPMD)           
ShMDHP1 c56840f2p31594 433 270.4 ±13.4 244.1 ±12.8 234.8 ±10.5 -1.64 -2.48* 
ShMDHP1 c122663f3p31479 433 139.6 ±10.2 129.8 ±3.7 114.4 ±6.7 -1.59 -2.62* 
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ShMDHP1 (partial) c8624f1p0774 162 91.1 ±7.9 73.1 ±3.8 62.8 ±7.4 -1.84* -3.09* 
ShMDHP1 c73444f1p21716 433 45.3 ±1.4 48.7 ±2.4 42 ±1.8 -1.38 -2.32* 
ShMDHP1 (partial) c85946f2p11122 268 22.5 ±2.3 15.4 ±0.9 20 ±1.5 -2.15* -2.43* 
ShMDHP1 (partial) c32605f1p01006 234 18.2 ±1.9 15.4 ±1.5 12.6 ±0.6 -1.75* -3.11* 
ShMDHP1 c99623f1p31569 433 12.1 ±1.9 21.3 ±1.9 9.2 ±3.6 1.2 -2.75* 
                
ShMDHP2 (partial) c33794f2p01187 346 131.3 ±5.2 85.9 ±6 66.6 ±6.9 -2.25* -4.23* 
ShMDHP2 (partial) c57171f1p01335 333 125 ±2.1 95.6 ±4.9 90.6 ±5.7 -1.93* -2.97* 
ShMDHP2 (partial) c68684f1p0854 228 25.9 ±0.4 18.6 ±1.3 18.5 ±1.5 -2.05* -3* 
ShMDHP2 (partial) c24775f1p0422 81 29.6 ±1.6 20.5 ±1.2 17.1 ±4.3 -2.12* -3.65* 
                
Pyruvate phosphate dikinase (PPDK)           
ShPPDK-C4 c97489f1p03094 878 138.6 ±5.5 129.6 ±4 67.3 ±5.6 -1.58 -4.42* 
ShPPDK-C4 (frameshift) c84402f1p03462 NA 95.7 ±3.2 96 ±2.5 40.8 ±5.9 -1.47 -5.01* 
ShPPDK-C4 c98814f1p32985 839 74.9 ±6.4 40.5 ±7.1 35 ±4.2 -2.69* -4.59* 
ShPPDK-C4 c92465f1p03526 924 70.2 ±3.6 81.9 ±1.7 25.3 ±7.4 -1.27 -5.86* 
ShPPDK-C4 c80776f6p153304 947 12.8 ±3.5 39.4 ±6.3 8.1 ±3.6 2.04 -3.38 
ShPPDK-C4 c85428f3p223235 947 24.8 ±1.3 27.3 ±2.2 6.3 ±2.9 -1.33 -8.23* 
ShPPDK-C4 c100879f1p93053 857 21.9 ±2.1 22 ±2.7 15.4 ±3 -1.49 -3.07* 
ShPPDK-C4 c85499f2p33083 857 12.9 ±1.3 16.5 ±0.9 4.7 ±1.9 -1.15 -5.75* 
ShPPDK-C4 c96837f1p03551 780 12.4 ±0.8 14.8 ±0.2 9.3 ±1.1 -1.23 -2.83* 
ShPPDK-C4 (partial) c86971f1p03272 635 8.3 ±0.8 12.6 ±0.6 3.7 ±1.4 1.02 -4.79* 
ShPPDK-C4 c88627f1p03108 773 8.7 ±0.3 7.8 ±0.2 6.7 ±0.8 -1.66 -2.83* 
ShPPDK-C4 c99855f1p03266 773 10.6 ±1 7.2 ±1 7.8 ±1 -2.15* -2.91* 
ShPPDK-C4 c119639f1p22551 763 9.3 ±1.1 6.5 ±1.2 9.7 ±4 -2.11 -2.04 
                
PPDK regulatory (PDRP)           
ShPDRP1 c73747f1p01510 424 118.7 ±2.1 123.3 ±3.5 81.1 ±6.8 -1.43 -3.15* 
ShPDRP1 (partial) c4192f1p0622 147 56.5 ±1.6 50.7 ±2.4 43.1 ±3.3 -1.65 -2.81* 
ShPDRP1 c46815f1p01477 420 16.3 ±1.3 17.7 ±1.2 17 ±1 -1.38 -2.08* 
ShPDRP1 (partial) c88551f1p01351 360 8.5 ±0.5 8 ±0.4 7.8 ±0.3 -1.59 -2.35* 
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ShPDRP2 c69858f1p11532 358 36.7 ±2.5 39.9 ±2.8 24.5 ±3.1 -1.35 -3.2* 
ShPDRP2 c41427f7p01502 362 11.3 ±0.4 9.7 ±0.6 4.1 ±0.8 -1.72 -5.81* 
ShPDRP2 c68713f1p11529 358 7.9 ±0.4 7.2 ±0.2 4 ±0.6 -1.62 -4.18* 
ShPDRP2 c84696f1p01654 362 6.9 ±0.7 9.6 ±0.5 4.6 ±1.1 -1.05 -3.16* 
                
ShPDRP3 (partial) c57955f1p01083 275 18.1 ±1 41.7 ±1.6 89.3 ±7.5 1.55 2.26* 
                
Aspartate aminotransferase (AA)           
ShASP c122960f3p71645 456 15.2 ±1 31.5 ±2.2 55.9 ±5.8 1.39 1.68* 
ShASP c117219f4p91467 410 4 ±0.6 10.2 ±0.9 19.1 ±2.8 1.75 2.21* 
ShASP c122424f6p81631 456 3.9 ±0.3 3.4 ±0.5 16.4 ±2.9 -1.69 1.9 
ShASP (partial) c7030f3p1899 193 3.2 ±0.3 5.1 ±0.3 6.1 ±0.5 1.08 -1.13 
ShASP (partial) c71997f1p01271 381 2.7 ±0.2 6.5 ±0.6 9.9 ±0.9 1.63 1.7* 
ShASP c96506f1p01621 410 2.4 ±0.3 4.9 ±0.3 9 ±1.1 1.41 1.74 
                
211 
 
Appendix XI Table of bundle sheath (BS) decarboxylation-related gene expression and differential expression values. Gene 
expression values (average TPM) and differential expression of decarboxylation BS-related genes in sugarcane leaf lamina during yellow 
canopy syndrome (YCS) onset. Asterisk (*) indicates differential expression at significance value of false discovery rate (FDR)-corrected 
P-value <0.001. 
Protein & transcript Transcriptome ID Open reading frame size (AA) 
Gene expression (average TPM of sample) Fold change in YCS from control 
Control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) 
NADP malic enzyme (NADPME)           
ShNADP-ME1 c121705f2p92198 632 113.1 ±5 165.9 ±4.4 92.3 ±9.9 -1 -2.62* 
ShNADP-ME1 c101502f5p142224 632 3.5 ±1.2 0.8 ±0.5 7.8 ±1.8 -6.32 1.01 
ShNADP-ME1 c84824f1p02125 617 2.8 ±0.4 4.5 ±0.8 7.4 ±2.2 1.12 1.24 
ShNADP-ME1 c124094f6p52212 634 31.7 ±2 48 ±1.6 23.9 ±4.5 1.03 -2.81* 
ShNADP-ME1 (partial) c57159f2p51849 553 192.8 ±14 207.2 ±11.3 141.5 ±6.9 -1.36 -2.92* 
ShNADP-ME1 c123099f4p112220 603 112.8 ±9.9 123 ±9 57.5 ±10 -1.34 -4.16* 
ShNADP-ME1 (partial) c91631f1p02024 549 11.7 ±1.6 29.3 ±1.9 10.4 ±4.6 1.69 -2.35 
ShNADP-ME1 c111601f1p02406 649 3.6 ±0.3 5.4 ±0.3 6.6 ±0.3 1.01 -1.18 
ShNADP-ME1 (partial) c40145f2p01127 309 158.6 ±8.2 183.9 ±11.3 73.5 ±15.4 -1.26 -4.57* 
ShNADP-ME2 c97423f1p02301 643 6.3 ±1 15.4 ±1.1 20 ±1 1.65 1.48 
ShNADP-ME2 (partial) c86096f1p01490 373 16.4 ±2.4 26.7 ±1.6 25.5 ±1.4 1.12 -1.38 
ShNADP-ME2 (partial) c58600f1p0856 186 1.5 ±0.2 8.6 ±0.7 13.3 ±1 3.99* 4.22* 
                
ShNADP-ME3 c60121f9p42241 646 22.3 ±0.8 28 ±1.3 47.7 ±3.4 -1.18 -1.01 
ShNADP-ME3 (frameshift) c92350f1p02212 NA 3.3 ±0.3 5.4 ±0.2 7.1 ±0.3 1.09 -1.02 
ShNADP-ME3 c121774f1p31719 512 22.4 ±0.8 28.3 ±2.6 58.4 ±4.3 -1.18 1.2 
ShNADP-ME3 c120999f1p02113 NA 5.5 ±0.1 12.1 ±1.1 13.6 ±0.8 1.46 1.13 
                
ShNADP-ME4 (frameshift) c86655f1p02205 NA 3.5 ±0.4 8.5 ±0.5 10.2 ±1.2 1.65 1.38 
ShNADP-ME4 (frameshift) c66950f1p02000 NA 1.8 ±0.2 5.7 ±0.6 5.1 ±0.8 2.14 1.33 
                
ShNADP-ME5 (frameshift) c88930f1p02206 NA 57.8 ±3.7 71.8 ±3.3 31.2 ±5.8 -1.18 -3.93* 
ShNADP-ME5 (frameshift) c92350f1p02212 NA 3.3 ±0.3 5.4 ±0.2 7.1 ±0.3 1.09 -1.02 
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ShNADP-ME6 c59855f9p52234 593 6.6 ±0.5 13.4 ±2 30.5 ±2 1.35 2.12* 
ShNADP-ME6 c95100f1p42266 593 10.3 ±1.3 19.2 ±0.5 48.5 ±6.4 1.27 2.17* 
ShNADP-ME6 (partial) c13473f2p11602 430 6.8 ±0.8 8.8 ±0.6 30.1 ±4.1 -1.14 2.03* 
ShNADP-ME6 c94566f1p52274 593 17.1 ±1.1 27.1 ±1.4 58.1 ±5.2 1.07 1.56 
ShNADP-ME6 (frameshift) c14754f1p73980 NA 2.4 ±0.3 4.3 ±0.5 10.2 ±1.3 1.18 1.9 
ShNADP-ME6 (partial) c9754f1p01221 336 6.2 ±0.8 10.1 ±0.8 18.5 ±1.6 1.09 1.36 
                
PEP carboxykinase (PEPCK)           
ShPCK c88688f1p12271 660 18.4 ±1.1 57.3 ±3.5 57.6 ±3.3 2.11* 1.46 
ShPCK c85322f1p12385 660 5.6 ±0.4 18.7 ±1.7 26.4 ±1.8 2.24* 2.19* 
ShPCK c83683f1p12200 637 2.3 ±0.1 10.5 ±0.8 9.4 ±0.9 3.08* 1.87* 
ShPCK (partial) c18959f1p01045 136 5.6 ±0.4 15.9 ±1.1 10.5 ±1.5 1.92* -1.13 
ShPCK (frameshift) c97249f1p21985 NA 19.9 ±0.7 56.3 ±4.3 49.3 ±3.7 1.91* 1.15 
                
NAD malate dehydrogenase (NADMD)           
ShMMDH1-1 c29426f16p21324 340 4.8 ±0.4 11.7 ±0.7 11.5 ±0.5 1.63 1.11 
ShMMDH1-1 (partial) c81549f1p21222 295 28.6 ±1.5 45.7 ±2.2 65.8 ±4 1.08 1.06 
ShMMDH1-2 c79450f1p11219 340 2.5 ±0.2 5.1 ±0.6 6.2 ±0.5 1.36 1.15 
                
ShMMDH2 c49641f1p21198 339 5.3 ±0.4 7 ±0.8 10.2 ±0.8 -1.14 -1.13 
ShMMDH2 c31974f4p01346 340 4.2 ±0.3 7.1 ±0.7 10.1 ±0.6 1.13 1.1 
ShMMDH2 c13608f4p21257 339 3.4 ±0.5 6.2 ±0.4 10.8 ±1.5 1.23 1.44 
ShMMDH2 (partial) c41634f1p2956 269 3.8 ±0.6 7.8 ±1.4 11.1 ±0.6 1.38 1.36 
                
NAD malic enzyme (NADME)           
ShNAD-ME1 (partial) c81607f1p01489 375 33.3 ±1.6 44.4 ±1.8 49.9 ±1.2 -1.11 -1.44 
ShNAD-ME2 c94473f1p32249 622 9.9 ±0.3 18.2 ±0.7 30.6 ±1.7 1.24 1.43 
ShNAD-ME2 (partial) c2964f1p41161 264 9.6 ±0.8 11.9 ±1 23.2 ±3.1 -1.19 1.11 
ShNAD-ME2 (partial) c44208f1p01243 340 2.2 ±0.1 3.2 ±0.4 5.7 ±0.9 1 1.2 
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Appendix XII Table of bundle sheath (BS) refixation-related gene expression and differential expression values. Gene expression 
values (average TPM) and differential expression of BS refixation genes of Ribulose bisphosphate carboxylase/oxygenase (Rubisco) in 
sugarcane leaf lamina during yellow canopy syndrome (YCS) onset. Asterisk (*) indicates differential expression at significance value of 
false discovery rate (FDR)-corrected P-value <0.001. 
Protein & transcript Transcriptome ID Open reading frame size (AA) 
Gene expression (average TPM of sample) Fold change in YCS from control 
Control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) YCS early-stage (ES) YCS late-stage (LS) 
Ribulose bisphosphate carboxylase/oxygenase (Rubisco)           
Large subunit (RbcL)               
ShRbcL c59865f39p241544 483 3373.9 ±159 3352.6 ±131.2 2794.5 ±462 -1.49 -2.62 
ShRbcL c33029f221p691792 483 2943.9 ±160.5 2437.5 ±199.4 5689 ±807.1 -1.77 -1.13 
ShRbcL c88106f2p611674 483 60.5 ±51.8 254 ±62.7 32.4 ±30.7 2.74 -3.86 
ShRbcL (frameshift) c91755f1p21878 NA 42.8 ±2.4 39.8 ±3.2 90.6 ±12.2 -1.58 -1.03 
ShRbcL (frameshift) c88959f1p2984 NA 41.5 ±2.2 39.9 ±2.4 99.2 ±20.5 -1.52 1.1 
ShRbcL c82737f1p71691 451 40.7 ±4.9 29 ±3.5 63.8 ±21.4 -2.03 -1.37 
ShRbcL (frameshift) c121014f1p01933 NA 40.4 ±3.2 38.4 ±2 40.4 ±1.5 -1.54 -2.16* 
ShRbcL (frameshift) c97658f1p01926 NA 10.6 ±1 10.2 ±0.7 18.4 ±1.7 -1.53 -1.25 
ShRbcL (frameshift) c95945f1p01796 NA 5.4 ±0.3 5 ±0.5 9.2 ±1.3 -1.6 -1.27 
ShRbcL (frameshift) c87203f1p01953 NA 5 ±0.3 5.3 ±0.1 8.2 ±0.7 -1.39 -1.31 
                
Small subunit (RbcS)               
ShRbcS c71117f11p6930 169 109.1 ±10.6 184.7 ±8.2 95.3 ±23 1.15 -2.42* 
ShRbcS c79784f6p3919 169 40.4 ±3.6 53.3 ±3.6 29.3 ±6.8 -1.11 -2.91* 
ShRbcS (frameshift) c93689f1p11145 NA 33.6 ±3.5 59.3 ±3.7 30.1 ±6.9 1.2 -2.36* 
ShRbcS (partial) c82652f1p0826 137 33.6 ±11.1 15.5 ±10.2 5.6 ±1.8 -3.04 -12.64 
ShRbcS c68612f1p0754 169 23.9 ±2.8 33.5 ±1.7 14.8 ±5.6 -1.05 -3.38* 
ShRbcS c90614f26p9959 169 22.2 ±2 56.6 ±2.6 32.5 ±8.5 1.72 -1.45 
ShRbcS c61216f1p0989 169 10.9 ±1.5 20.3 ±0.8 9.4 ±3 1.27 -2.41 
ShRbcS (partial) c7212f1p0474 121 10.8 ±1.7 8.5 ±0.8 2.3 ±1.2 -1.87 -9.43* 
ShRbcS (frameshift) c34501f1p0673 NA 10.6 ±1 5.3 ±0.3 1.3 ±0.6 -2.92 -16.56* 
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ShRbcS c25041f38p101072 169 10.5 ±0.8 16.9 ±1.4 7.5 ±2.1 1.1 -2.94* 
ShRbcS (frameshift) c25060f1p0590 NA 10.5 ±1.5 10.6 ±0.4 1.8 ±1 -1.47 -12.14* 
ShRbcS c90267f7p7922 169 10.3 ±6.4 50.3 ±10 17.7 ±6.9 3.11 -1.29 
ShRbcS c94085f1p01100 169 9.1 ±1 12.2 ±1.1 6.2 ±1.1 -1.09 -3.09* 
ShRbcS c84845f1p11046 169 7.9 ±0.7 14.7 ±0.8 5.2 ±2.3 1.26 -3.14* 
ShRbcS c73904f1p21020 169 6.1 ±0.6 10.8 ±0.8 6.4 ±1.9 1.21 -1.99 
ShRbcS c72123f2p61086 169 2.3 ±0.5 6.6 ±1 1.9 ±1.1 1.98 -2.45 
                
Rubisco activase (RbcA)           
ShRbcA (middle stop) c72612f1p01630 NA 234.7 ±18.9 430.2 ±18.8 273.6 ±19.5 1.25 -1.84 
ShRbcA c61885f1p01546 393 72.1 ±11.9 105.9 ±7.8 70.7 ±9.6 1.01 -2.16 
ShRbcA c52921f1p11636 435 47.5 ±3.7 112.4 ±6.4 66.2 ±9.5 1.61 -1.54 
ShRbcA c123596f2p01431 435 45.5 ±6.7 136.8 ±8.8 31.4 ±17.6 2.02 -3.03 
ShRbcA (frameshift) c113269f1p01792 NA 40 ±3.3 74.7 ±3 45.6 ±5.7 1.28 -1.87* 
ShRbcA c38084f2p01747 435 37.3 ±4.9 68.3 ±3.7 50.4 ±3.5 1.26 -1.58 
ShRbcA (partial) c13481f1p1756 192 28.7 ±4.8 70 ±3.1 44.2 ±4 1.67 -1.39 
ShRbcA (partial) c48333f1p01171 298 20.9 ±2 45.2 ±2.7 34.3 ±3.9 1.48 -1.3 
ShRbcA c89405f1p01498 435 13.7 ±1.2 32.2 ±1.5 18.3 ±3.4 1.6 -1.59 
ShRbcA (partial) c34109f1p11042 155 9.2 ±1.2 15.9 ±1.4 12.8 ±2.1 1.15 -1.54 
ShRbcA (frameshift) c60994f1p01647 321 9.2 ±1.2 17 ±0.8 6.7 ±1.9 1.27 -2.83* 
ShRbcA c28948f1p01695 483 9.1 ±0.7 10.3 ±1.3 1.7 ±0.8 -1.28 -11.04* 
ShRbcA c92627f1p11605 435 7.5 ±0.5 13.3 ±1.7 9.5 ±1.2 1.18 -1.69 
ShRbcA (partial) c95421f1p01298 299 5.5 ±1.5 6.9 ±0.6 8.1 ±1.8 -1.18 -1.45 
ShRbcA c90276f6p11602 435 5.4 ±2.5 13.3 ±1.7 23.9 ±4.3 1.69 2.06 
ShRbcA c73797f1p01660 427 3.4 ±0.9 21.2 ±4.3 16.6 ±8.7 4.07 2.22 
ShRbcA c90886f10p01707 468 1 ±0.4 3.7 ±0.8 10.2 ±2.5 2.54 4.84 
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Appendix XIII Table of bundle sheath (BS) Calvin cycle-related gene expression and differential expression values. Gene 
expression values (average TPM) and differential expression of BS Calvin cycle-related genes in sugarcane leaf lamina during yellow 
canopy syndrome (YCS) onset. Asterisk (*) indicates differential expression at significance value of false discovery rate (FDR)-corrected 
P-value <0.001. 
Protein & transcript Transcriptome ID 
Open reading 
frame size (AA) 
Gene expression (average TPM of sample) Fold change in YCS from control 
Control 
YCS early-stage 
(ES) 
YCS late-stage 
(LS) YCS early-stage (ES) YCS late-stage (LS) 
Calvin cycle, CP12           
ShCP12-1 (partial) c94363f1p2624 103 47 ±6.2 13.5 ±2.1 31.3 ±7 -5.21* -3.23* 
ShCP12-1 c16829f17p3681 122 34 ±6 10.4 ±1.1 18.8 ±5.8 -4.89* -3.84* 
ShCP12-1 c63307f2p3789 122 16.4 ±1.3 8.2 ±1.1 12.3 ±3.9 -2.97* -2.81* 
                
ShCP12-2 (partial) c92264f1p0788 130 4.5 ±0.3 15.2 ±1.9 75.4 ±6.5 2.29* 7.79* 
ShCP12-2 (partial) c13467f5p0696 130 0.5 ±0.1 1.6 ±0.3 10.8 ±1.4 2.26 10.37* 
ShCP12-2 (partial) c40660f1p0771 130 0.1 ±0 0.9 ±0.2 7.2 ±1 4.06 21.87* 
                
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), chloroplastic           
ShGADA (partial) c91612f1p21379 351 30.9 ±2 29.2 ±2.2 14.2 ±3.1 -1.56 -4.59* 
ShGADA (partial) c91345f2p21203 302 30 ±1.9 28.4 ±2.1 10.1 ±3.5 -1.56 -6.2* 
ShGADA c71430f10p141671 405 24.9 ±2.9 23.3 ±1.7 10 ±3.6 -1.58 -5.18* 
ShGADA c90532f43p141537 405 19 ±1 22.9 ±1 10.2 ±2.3 -1.22 -3.95* 
ShGADA c121735f7p111497 405 8.5 ±0.8 14.7 ±1.1 4.3 ±2 1.14 -4.16* 
ShGADA c69176f1p01685 406 7.3 ±0.8 7.3 ±0.7 3 ±0.8 -1.45 -5.07* 
ShGADA (partial) c75672f3p01266 334 6.8 ±0.4 7.4 ±0.3 2.7 ±1.3 -1.35 -5.29* 
                
ShGADB1 c121767f1p21656 443 88.8 ±7.1 109.9 ±3.3 66.7 ±14.6 -1.2 -2.84* 
ShGADB1 c123445f5p41638 443 7.3 ±3 29.9 ±7.1 6.5 ±3.5 2.66 -2.38 
ShGADB2 (partial) c98150f1p111233 162 98.2 ±11.9 32.6 ±12.9 25 ±7.6 -4.34 -8.37* 
ShGADB2 (partial) c55689f1p0830 191 54.6 ±1.8 29.3 ±2.1 11.9 ±4 -2.77* -9.64* 
ShGADB2 (partial) c73034f2p0733 144 43.4 ±2.6 18.2 ±2 9.3 ±1.8 -3.5* -9.86* 
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ShGADB2 (partial) c86830f2p0893 191 13.4 ±1.1 8.3 ±1.1 4 ±1.6 -2.39 -7.04* 
ShGADB2 (partial) c67105f1p0713 166 12.1 ±0.3 9.6 ±0.3 3.6 ±1.2 -1.88 -6.99* 
ShGADB2 (partial) c19290f1p1548 120 5.5 ±0.7 5.5 ±0.8 3.6 ±0.9 -1.47 -3.18 
                
ShGADCP (partial) c38496f1p01379 365 2.1 ±0.5 4 ±0.3 10.6 ±0.5 1.31 2.35* 
ShGADCP (partial) c40045f1p01250 322 1.9 ±0.4 4.3 ±0.8 9.4 ±1.5 1.54 2.26 
ShGADCP c85672f1p11641 413 0.9 ±0.1 2 ±0.2 5.9 ±0.7 1.55 3.09* 
                
ShGAPN (partial) c26765f1p11399 412 30.2 ±2.3 36.8 ±2.5 43.2 ±3.5 -1.21 -1.5 
ShGAPN (partial) c28094f2p1787 209 24.3 ±3.5 27.9 ±1.8 23.6 ±4 -1.29 -2.18* 
ShGAPN c93830f1p31994 498 20.2 ±1.5 25.5 ±1.2 25.7 ±1.7 -1.17 -1.69 
ShGAPN c46441f11p31838 498 17.6 ±1 33.9 ±2.6 34.6 ±1.9 1.29 -1.09 
ShGAPN (partial) c1243f2p11261 370 12.6 ±0.7 23.7 ±0.8 25.5 ±1.5 1.27 -1.06 
ShGAPN c77965f1p31723 498 10.4 ±1 19.4 ±0.7 13.3 ±1.6 1.25 -1.68 
ShGAPN c41547f2p01796 486 9.1 ±1.1 18.3 ±0.9 15.7 ±1.6 1.36 -1.24 
                
Phosphoribulokinase (PRK)           
ShPRK (partial) c16975f3p01154 320 164.7 ±12.4 202.6 ±12.5 141.3 ±11.9 -1.19 -2.5* 
ShPRK c89397f9p41561 407 125.8 ±6.6 164.7 ±8.1 88.7 ±13 -1.12 -3.01* 
ShPRK c1789f29p41516 407 102.2 ±4.9 154 ±5.8 83.5 ±11.7 1.03 -2.61* 
ShPRK (partial) c10631f5p1876 190 71.4 ±5.7 85.8 ±7.6 70.9 ±4.6 -1.21 -2.15* 
ShPRK (partial) c86377f1p01126 348 60 ±4.6 69.1 ±2.6 53.2 ±5.9 -1.27 -2.4* 
ShPRK c66403f1p11587 397 55.5 ±2.3 91.5 ±2.6 48.2 ±10.8 1.11 -2.45* 
ShPRK (partial) c54391f1p0718 177 32.9 ±2.3 38 ±2.5 20.3 ±2.6 -1.27 -3.47* 
ShPRK (frameshift) c87616f1p02340 NA 5.3 ±0.4 5.8 ±0.3 5.1 ±0.6 -1.35 -2.25* 
                
 
 
